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Abstract

Obstructive sleep apnea (OSA) is a prevalent sleep-related breathing disorder that is closely
associated with cognitive impairment. However, the efficacy of conventional interventions remains
limited, and exploring its neural mechanisms and adjunctive therapeutic strategies has become a
research hotspot. This paper provides a narrative review of the research progress in neuroimaging
mechanisms and intervention strategies for OSA-related cognitive impairment. Regarding neural
mechanisms, this article focuses on two core mechanisms: dysfunction of the glymphatic system
and unstable alterations in dynamic brain functional networks. Multimodal neuroimaging evidence
demonstrates that patients with OSA exhibit distinct glymphatic system impairment and
compromised dynamic reorganization ability of brain functional networks, characterized by
"excessive persistence" and "abnormal transitions" of functional connectivity states. Pivotal
mediation analyses have revealed for the first time the causal pathway of "glymphatic dysfunction
→ decreased brain network efficiency → cognitive impairment." In terms of intervention
strategies, this article points out that continuous positive airway pressure (CPAP) has limited
efficacy in improving cognitive function, accompanied by poor patient adherence. Non-invasive
neuromodulation techniques represented by repetitive transcranial magnetic stimulation (rTMS)
and transcranial direct current stimulation (tDCS) show potential as adjunctive interventions due to
their direct regulation of cortical excitability and neuroplasticity. Current research is limited by
predominant cross-sectional designs, lack of standardized imaging biomarkers, and small sample
sizes in intervention studies. Future research should focus on developing predictive models based
on multimodal radiomics and artificial intelligence, exploring physical interventions targeting the
glymphatic system, and conducting long-term randomized controlled trials enriched with
biomarkers. This review aims to provide theoretical evidence and novel insights for the early
identification and precise intervention of OSA-related cognitive impairment.

Keywords: Obstructive Sleep Apnea; Cognitive Impairment; Glymphatic System; Dynamic Brain
Functional Networks; Non-invasive Neuromodulation; Continuous Positive Airway Pressure
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1. Introduction

1.1. Clinical Association Between Obstructive Sleep Apnea and Cognitive Impairment

Obstructive Sleep Apnea (OSA) is a prevalent sleep-disordered breathing disorder characterized
by recurrent upper airway collapse during sleep. It is mainly manifested as pathophysiological
alterations including intermittent hypoxemia, hypercapnia, sleep fragmentation and increased
sympathetic nerve activity. Epidemiological data indicate that approximately 425 million adults
aged 30 to 69 worldwide suffer from moderate to severe OSA (Greenstone & Hack, 2014). The
prevalence in China has also been rising year by year ("Guidelines for the diagnosis and treatment",
2012), and the country currently bears the world's heaviest disease burden of OSA. A multi-level
meta-analysis reported that the overall prevalence of OSA in China is 11.8%, with a marked upward
temporal trend: the figure surged from 8.1% in 2000–2005 to 26.9% in 2021–2024 (Niu et al., 2025).
In terms of absolute population size, the number of OSA patients in China has exceeded 170 million
(Benjafield et al., 2019). Notably, around 80% of potential OSA patients have not received timely
diagnosis, resulting in a substantial gap between disease prevalence and clinical diagnosis (Yi et al.,
2023).

OSA substantially elevates the risks of cardiovascular diseases, metabolic disorders and
cerebrovascular events (Bradley & Floras, 2009; Coughlin et al., 2004). In recent years, its link
with cognitive impairment has become a research hotspot at the intersection of sleep medicine and
neuroscience. Patients with OSA present with multidimensional cognitive deficits, among which
impairments in attention, executive function, visual and verbal working memory are most
prominent (Zhang et al., 2025). A systematic review and meta-analysis further quantified the
strength of this association, reporting that the prevalence of mild cognitive impairment (MCI)
reaches 39% among OSA patients, and the prevalence of OSA is also 39% in individuals with MCI.
The overall odds ratio for their correlation was 1.65, indicating a bidirectional relationship between
OSA and cognitive dysfunction (Ren et al., 2025).

The biological mechanisms underlying OSA-related cognitive impairment have been extensively
investigated. Intermittent hypoxia and sleep fragmentation, the hallmark pathological features of
OSA, can trigger neuroinflammation, oxidative stress, neuronal damage, altered synaptic plasticity
and blood-brain barrier dysfunction. These pathological cascades ultimately impair learning and
memory abilities (Zhang et al., 2025). Moreover, the interplay between sleep disturbances and
neurodegenerative diseases has attracted growing attention. Disordered sleep architecture is not
only a common comorbidity of Alzheimer's disease (AD) and Parkinson's disease (PD), but may
also be involved in their early pathogenesis (Hassan Mohmmed Ahmed et al., 2025). According to
an official workshop report from the American Thoracic Society (ATS), OSA acts as a risk factor
for preclinical AD, and exerts adverse effects on the incidence, clinical manifestations and
progression of AD and other types of dementia (Lal et al., 2022). Given the above evidence,
exploring the mechanisms linking OSA to cognitive impairment is of great clinical value for the
early identification and comprehensive intervention of these diseases. In this review, the terms
"cognitive impairment", "cognitive dysfunction", "neurocognitive impairment", and "mild



Advances in World Medical Research, 2026, 2(3), 1-19
https://doi.org/10.71204/zkb2g519

3

cognitive impairment (MCI)" are used to describe different degrees of cognitive decline in OSA
patients. Unless otherwise specified, "cognitive impairment" serves as the overarching term
encompassing all objectively measured deficits in attention, executive function, memory, and
processing speed. When referring to the specific clinical diagnosis of MCI (defined by Petersen
criteria or equivalent), the term "mild cognitive impairment" is used. The occasional use of
"neurocognitive damage" or "cognitive dysfunction" reflects the original authors' phrasing in cited
studies, and does not imply a distinct pathophysiological entity. For clarity, all cognitive outcome
measures in this review are interpreted within the framework of domain- specific performance
rather than as categorical diagnoses.

1.2. Limitations of Current Mechanistic Understanding and Intervention Strategies

Although numerous studies have confirmed a significant association between OSA and cognitive
impairment, the underlying neural mechanisms remain incompletely elucidated, and existing
intervention strategies also have evident limitations.

In terms of mechanisms, most conventional studies have focused on how OSA-related
pathophysiological changes, including intermittent hypoxia and sleep fragmentation, directly
induce brain tissue damage and cognitive decline. However, less attention has been paid to the
systemic characteristics of OSA-associated brain injury, particularly the impaired dynamic
reorganization of whole-brain networks. In recent years, dysfunction of the glymphatic system and
destabilized dynamic functional brain networks have been proposed as two core neuroimaging
mechanisms of OSA-related cognitive impairment. Studies have demonstrated a consistent
correlation between sleep disturbances and impaired glymphatic clearance, with OSA exerting the
most pronounced effect (Ghaderi et al., 2025; Xiong et al., 2024). Nevertheless, how glymphatic
dysfunction specifically affects the dynamic reorganization of brain networks, as well as the
temporal sequence and causal pathways between the two, remain to be further clarified.
Additionally, the vast majority of relevant studies adopt a cross-sectional design, which makes it
difficult to distinguish causality from mere correlation. As stated in the ATS workshop report,
despite solid biological plausibility, sufficient evidence is still lacking to verify the bidirectional
causal relationship between OSA and pathological brain aging (Lal et al., 2022).

With regard to interventions, continuous positive airway pressure (CPAP) serves as the first-line
therapy for OSA, which effectively alleviates nocturnal hypoxia and sleep fragmentation. However,
available evidence reveals substantial heterogeneity in the cognitive benefits of CPAP, and its
effects vary across different cognitive domains in existing studies (Lal et al., 2022). More
importantly, long-term adherence to CPAP therapy is generally poor, with the non-adherence rate
ranging from 30% to 60% among adult OSA patients. The adherence is even lower in children and
adolescents (Rotenberg et al., 2016; Sawyer et al., 2011). This practical dilemma highlights an
urgent need for alternative and adjunct therapeutic approaches. Furthermore, the ATS report
indicated that current research on the cognitive effects of OSA treatments predominantly centers
on CPAP, while high-quality evidence supporting other therapeutic modalities remains scarce (Lal
et al., 2022).

1.3. Objectives and Structure of the Present Article
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This article aims to review the research progress regarding neural mechanisms and intervention
strategies for cognitive impairment associated with obstructive sleep apnea (OSA). The discussion
is mainly organized into three parts. First, neuroimaging mechanisms: focusing on glymphatic
system dysfunction and destabilized dynamic functional brain networks, this section summarizes
howmultimodal imaging evidence reveals the pathological basis of OSA-related brain damage, and
explores the coupling pathways between the two mechanisms as well as their correlations with
cognitive deficits. Second, innovative intervention strategies: on the basis of analyzing the
limitations of conventional CPAP therapy, it reviews the application prospects and working
mechanisms of non-invasive neuromodulation techniques represented by repetitive transcranial
magnetic stimulation (rTMS) and transcranial direct current stimulation (tDCS) in the treatment of
OSA-related cognitive impairment. Third, future research directions: in view of existing research
gaps, this paper puts forward key research priorities including the development of multimodal
radiomics models, exploration of glymphatic system-targeted interventions, and clinical trials
enriched with biomarkers. It is expected to provide theoretical references for the early identification
and precise intervention of OSA-related cognitive impairment.

Figure 1. Pathways underlying OSA-related cognitive impairment

Figure 1 Schematic illustration of the two major pathways linking OSA to cognitive impairment
and the potential intervention targets.

Abbreviations: pCSF, parenchymal cerebrospinal fluid; DTI-ALPS, diffusion tensor
imaging- based analysis along the perivascular space; DMN, default mode network; SN, salience
network; ECN, executive control network; CPAP, continuous positive airway pressure; rTMS,
repetitive transcranial magnetic stimulation; tDCS, transcranial direct current stimulation.

Left panel: Core OSA pathologies (intermittent hypoxia and sleep fragmentation) drive cognitive
dysfunction via two cascades. Pathway A (glymphatic dysfunction): OSA impairs glymphatic
clearance, evidenced by reduced DTI-ALPS index (ALPS↓) and increased pCSF volume (pCSF↑),
leading to accumulation of neurotoxic proteins (e.g., Aβ), which in turn decreases global brain
network efficiency and ultimately causes cognitive decline. Pathway B (dynamic network
instability): OSA disrupts the dynamic reorganization of large- scale brain networks (DMN, SN,
ECN), manifesting as prolonged dwell time in high- connectivity states and aberrant state
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transitions, which directly impair cognitive performance. Right panel: Potential interventions.
CPAP alleviates nocturnal hypoxia and may partially restore glymphatic function. rTMS and tDCS
modulate cortical excitability and network oscillations to correct aberrant dynamic connectivity.
Solid arrows indicate pathological progression; dashed arrows indicate modulatory effects of
interventions.

2. Neuroimaging Mechanisms of OSA-Related Cognitive Impairment

In recent years, advances in neuroimaging techniques have greatly deepened the understanding
of the neural mechanisms underlying OSA-related cognitive impairment. Multimodal imaging
evidence, ranging from macroscopic brain networks to the microscopic glymphatic system, has
gradually delineated the complex pathological profiles of OSA-associated brain damage. This
section mainly elaborates on two cutting-edge mechanisms: glymphatic system dysfunction and
destabilization of dynamic brain networks.

2.1. Glymphatic System Dysfunction

The glymphatic system is a recently discovered pathway responsible for clearing metabolic waste
in the brain, and its function largely relies on the convective exchange between cerebrospinal fluid
and interstitial fluid during sleep (Yankova et al., 2021). Characterized by sleep fragmentation and
intermittent hypoxia, OSA can severely impair this system and further facilitate the abnormal
deposition of neurotoxic proteins (Keil et al., 2026).

2.1.1. Imaging Evidence of Impaired Glymphatic Function

The primary imaging biomarkers for evaluating glymphatic function include the diffusion tensor
imaging-based analysis along the perivascular space (DTI-ALPS) index and parenchymal
cerebrospinal fluid (pCSF) mapping derived from multi-echo T2 imaging. A systematic review and
meta-analysis conducted by Ghaderi demonstrated that patients with severe OSA exhibited a
markedly reduced DTI-ALPS index compared with healthy controls, with a pooled effect size of -
0.95, confirming substantial glymphatic system impairment in this population. Meta-regression
analysis further identified the apnea-hypopnea index (AHI) and Epworth Sleepiness Scale (ESS)
score as major sources of heterogeneity, indicating that hypoxia burden and daytime sleepiness are
closely linked to impaired glymphatic function (Ghaderi et al., 2025). Xiong et al. (2024) also
reported a significantly lower ALPS index in OSA patients relative to controls, and this index was
positively correlated with cognitive performance scores. Zhou et al. adopted multi-echo FAST-T2
MRI to compare untreated OSA patients, CPAP-treated OSA patients and healthy individuals. The
results showed that untreated OSA patients had remarkably larger pCSF volume in the whole-brain
gray matter, white matter and Alzheimer's disease (AD)-vulnerable brain regions. By contrast,
pCSF levels in the CPAP group were comparable to those in healthy controls. Notably, pCSF
burden was positively correlated with cortical amyloid-β (Aβ) deposition, suggesting that
glymphatic dysfunction may mediate impaired Aβ clearance in OSA. This finding provides a
mechanistic explanation for the epidemiological association between OSA and AD (Keil et al.,
2026). In studies on Parkinson's disease (PD) complicated with OSA, Nepozitek et al. (2025) found
that the ALPS index in newly diagnosed, treatment-naive PD patients was significantly negatively
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correlated with AHI, oxygen desaturation index and the proportion of stage N1 sleep. Such
correlations were not observed in PD patients without OSA. This evidence suggests that OSA may
accelerate the pathological progression of neurodegenerative diseases by disrupting glymphatic
function.

2.1.2. Correlation with Cognitive-Related Brain Regions

Glymphatic dysfunction is anatomically associated with structural and functional alterations in
cognition-related brain regions. Xiong et al. (2024) found that the ALPS index was moderately
positively correlated with the Montreal Cognitive Assessment (MoCA) scores in OSA patients.
More importantly, mediation analysis conducted by Xiong et al. revealed that the global efficiency
of brain networks exerted a partial mediating effect between glymphatic dysfunction and cognitive
impairment, with an indirect effect value of 4.58 and a mediating effect proportion of 26.9%. This
finding firstly established the causal chain of glymphatic dysfunction → decreased brain network
efficiency → cognitive impairment in patients with OSA.

In terms of regional specificity, Keil et al. (2026) demonstrated that elevated pCSF was
particularly prominent in AD-vulnerable brain regions of untreated OSA patients, including the
posterior cingulate cortex, precuneus and medial temporal lobe. These areas are not only early-
affected sites of AD pathology, but also core nodes of the default mode network (DMN), which
play pivotal roles in episodic memory and self-referential processing. Impaired Aβ clearance
resulting from glymphatic dysfunction may initially manifest in these regions, offering a
mechanistic interpretation for the regional specificity of OSA-related cognitive impairment.

2.1.3. Technical Limitations and Confounding Factors of Glymphatic Imaging Biomarkers

It is important to recognize that both the DTI-ALPS index and parenchymal cerebrospinal fluid
(pCSF) mapping are indirect surrogate markers of glymphatic function, rather than direct measures
of CSF- interstitial fluid exchange. The DTI-ALPS index, derived from diffusion tensor imaging
along the perivascular space, can be influenced by multiple confounders including cerebral small
vessel disease, white matter hyperintensities, and age- related microstructural changes, all of which
are common in OSA populations. Furthermore, the ALPS index assumes a specific orientation of
perivascular diffusion, which may not hold true in regions with complex fiber crossings or in the
presence of substantial motion artifacts. Similarly, pCSF elevation, as quantified by multi- echo T2
imaging, reflects the volumetric expansion of CSF spaces within the parenchyma; however, this
increase is not specific to impaired clearance function. It can also result from brain atrophy,
age- related sulcal widening, small vessel disease, or altered intracranial pressure dynamics. Thus,
interpreting pCSF burden solely as a marker of metabolic waste clearance requires caution. The
reproducibility of both biomarkers across different MRI scanners, field strengths, and
post- processing pipelines remains to be systematically evaluated. Future studies should incorporate
complementary techniques (e.g., contrast- enhanced MRI or PET tracers) to validate these imaging
surrogates and should adjust for vascular and neurodegenerative confounders in statistical analyses.

2.2. Destabilization of Dynamic Functional Brain Networks

Traditional resting-state functional magnetic resonance imaging (rs-fMRI) studies generally
assume that functional brain connectivity remains stable during scanning. However, recent research
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has revealed the time-varying characteristics of functional brain networks. Due to intermittent
hypoxia and disrupted sleep architecture, patients with OSA exhibit impaired capacity for dynamic
network reorganization, presenting with unstable network states.

2.2.1. Application of Dynamic Functional Connectivity Analysis

Dynamic functional connectivity (dFC) analysis adopts the sliding-window approach to capture
time-varying patterns of functional connections (Allen et al., 2014; Calhoun et al., 2014). Widely
used analytical frameworks include independent component analysis (ICA)-based time-varying
functional network connectivity (FNC), multiplier temporal derivative (MTD)-based state
transition analysis, and graph theory-based dynamic network metrics (Preti et al., 2017; Shine et al.,
2016; Zalesky et al., 2014). Yu et al. (2025) combined ICA with the sliding-window method and
identified two reproducible functional connectivity states among 82 male OSA patients and 48
healthy controls. State I was characterized by strong functional connectivity with a low occurrence
frequency, while State II showed weak functional connectivity and occurred more frequently. The
results indicated that OSA patients with mild cognitive impairment (OSA-MCI) had longer dwell
time and higher occupancy rate in the strong-connectivity state, alongside shorter dwell time and
lower occupancy rate in the weak-connectivity state. The number of state transitions tended to rise
in the patient group and was positively correlated with cognitive scores. These findings suggest that
the prolonged retention of brain functional networks in the strong-connectivity state may reflect
compensatory neural recruitment, yet persistent activation of this state could eventually deplete the
reserve of network plasticity. Wang et al. (2025) applied the MTD method to analyze dFC features
in 111 OSA patients and distinguished five connectivity states, consisting of four high-connectivity
states and one low-connectivity state. Significant alterations in fractional time (FT) and mean dwell
time (MDT) of State 1, State 3 and State 4 were observed in patients with moderate to severe OSA.
Specifically, FT and MDT of State 1 were negatively correlated with hypoxia-related parameters,
whereas those of State 3 were positively correlated with total sleep time. Notably, FT of State 3
was inversely associated with the visuospatial and executive function subscores of the Montreal
Cognitive Assessment (MoCA), indicating that aberrations in specific dynamic connectivity states
may be directly linked to executive dysfunction.

2.2.2. Dynamic Functional States and Cognitive Impairment

The aforementioned studies reveal two predominant patterns of aberrant dynamic functional
states in OSA patients: excessive dwell time in high-connectivity states, indicating impaired
network flexibility, and abnormal transitions between low- and high-connectivity states, which
reflects disrupted network stability. Collectively, these two patterns hinder the brain from
efficiently reorganizing network resources when confronted with cognitive demands.

Yu et al. (2025) further identified the core brain networks affected by dynamic functional
abnormalities. Compared with healthy controls, OSA patients exhibited widespread aberrant
functional connectivity within the high-connectivity state, mainly involving the salience network
(SN), default mode network (DMN) and executive control network (ECN), along with reduced
connectivity in the low-connectivity state. These networks undertake core roles in attentional
orientation, introspective monitoring and cognitive control during cognitive processing.
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Progressive deterioration of dFC was observed during the transition from OSA with normal
cognition (OSA-NC) to OSAwith mild cognitive impairment (OSA-MCI), suggesting that dynamic
network metrics may serve as early imaging biomarkers for OSA-related cognitive impairment.

As summarized in the review by Rosenzweig et al. (2015), OSA patients present with abnormal
or diminished blood oxygen level-dependent (BOLD) activation in specific brain regions including
the hippocampus and prefrontal cortex during cognitive tasks. Such alterations in neurovascular
coupling are likely associated with disturbed dynamic networks. Intermittent hypoxia impairs
cerebrovascular reactivity, while sleep fragmentation disrupts synaptic homeostasis. The combined
effects of these two factors ultimately undermine the dynamic reorganization capacity of functional
brain networks.

The dynamic functional connectivity (dFC) metrics discussed above are derived from
resting- state BOLD fMRI, which is inherently sensitive to physiological noise and motion artifacts.
Patients with OSA often present with intermittent hypoxia, abnormal cerebrovascular reactivity,
sleep deprivation, and relatively large head movements during scanning, all of which can confound
BOLD signal fluctuations. In particular, changes in respiration and heart rate can induce
low- frequency oscillations that mimic or contaminate neural connectivity patterns. Notably, none
of the primary studies included in this review explicitly reported the use of physiological monitoring
(e.g., simultaneous recording of cardiac and respiratory signals) or retrospective correction methods
(e.g., RETROICOR, RVHRCOR) to remove such artifacts. Head motion parameters were generally
matched between groups, but the potential residual effects of motion on dynamic state transitions
were not systematically quantified. Furthermore, the risk of patients falling asleep during the scan
is seldom addressed, which could dramatically alter connectivity states. Therefore, while the
observed aberrant dFC patterns are consistent with the hypothesis of network instability, caution is
warranted in attributing these findings solely to neuronal dysfunction; vascular and non- neuronal
physiological contributions cannot be excluded. Future dFC studies in OSA should adopt rigorous
artifact control strategies and report detailed procedures for handling physiological noise and
motion.

2.3. Coupling Between Glymphatic Dysfunction and Brain Network Inefficiency

The two mechanisms described above are not independent but are linked in a sequential causal
chain. Glymphatic dysfunction, by impairing the clearance of neurotoxic metabolites such as
amyloid-β, creates a hostile microenvironment that undermines synaptic efficacy and the stability
of large-scale functional connections (Benveniste et al., 2019; He & Sun, 2025; Yankova et al.,
2021). The spatial overlap between regions of elevated pCSF (e.g., posterior cingulate cortex,
precuneus, medial temporal lobe) and the core nodes of the default mode network provides
anatomical support for this coupling. Mediation analyses (as detailed in Section 2.1.2) have
quantitatively established that reduced global network efficiency partially mediates the relationship
between glymphatic impairment and cognitive deficits. Thus, the pathway of glymphatic
dysfunction → decreased brain network efficiency → cognitive impairment represents a unifying
framework that integrates micro- and macro- level imaging findings.
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3. Limitations of Conventional Interventions and Innovations in Non-Invasive
Neuromodulation Techniques

Continuous positive airway pressure (CPAP) serves as the mainstay of conventional treatment
for OSA. Although it effectively relieves nocturnal hypoxia and sleep fragmentation, it suffers from
poor long-term patient adherence and shows limited efficacy in reversing established damage to
brain functional networks (Gurbani et al., 2025). In recent years, non-invasive brain stimulation
(NIBS) techniques, represented by repetitive transcranial magnetic stimulation (rTMS) and
transcranial direct current stimulation (tDCS), have emerged as a cutting-edge research direction
for intervening in OSA-related cognitive impairment. These techniques enable targeted regulation
of activities in specific brain regions and facilitate neural plasticity.

3.1. Efficacy and Limitations of Continuous Positive Airway Pressure

Ameta-analysis revealed that CPAP treatment yielded significant improvements only in the Trail
Making Test Part B, which reflects cognitive flexibility, whereas no robust overall effects were
observed on other cognitive domains including information processing speed, executive function
and working memory (Durtette et al., 2024). Another study similarly indicated that CPAP mainly
alleviated daytime sleepiness and improved processing speed and visual search ability, with
insufficient evidence supporting its benefits for higher-order cognitive functions such as executive
function and memory (Durtette et al., 2024). Therefore, merely relieving upper airway obstruction
is inadequate to reverse established brain network damage, highlighting the necessity to develop
adjunctive therapeutic strategies.

3.2. Application Prospects of Non-Invasive Neuromodulation Techniques

Non-invasive brain stimulation (NIBS) modulates the excitability of cortical neurons via
externally applied electric or magnetic fields, thereby altering the functional states of distant brain
networks. Unlike CPAP, which improves brain function indirectly by relieving upper airway
obstruction, NIBS enables direct targeting of cognition-related neural circuits. It offers an
alternative therapeutic option for OSA patients who cannot tolerate CPAP or continue to suffer
from persistent cognitive impairment after CPAP treatment (Yao et al., 2023; Yu et al., 2024; Zhao
et al., 2024).

3.2.1. Clinical Evidence of rTMS and tDCS

Direct evidence of TMS in patients with OSA: Han et al. (2023) conducted a randomized
controlled trial (RCT) to explore the effects of transcranial magnetic stimulation (TMS) on
cognitive function in OSA patients. A total of 42 patients diagnosed with OSA via
polysomnography were enrolled. Intermittent theta burst stimulation (iTBS) was delivered over the
left dorsolateral prefrontal cortex (DLPFC), with parameters set as 2-second stimulation followed
by an 8-second interval. Each session consisted of three trains of 600 pulses, with a 15-minute break
between trains. The results demonstrated significant improvements in visual memory, sustained
attention and working memory in the active stimulation group. Quantitative
electroencephalography (EEG) recordings acquired before and after intervention revealed that TMS
markedly increased the relative power spectral density of theta and beta bands in the parietal,
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temporal and anterior brain regions, indicating that TMS ameliorates cognitive function by
regulating cortical neural oscillations.

Indirect evidence from cross-diagnostic meta-analyses: Although studies focusing specifically
on NIBS for OSA remain limited, high-quality meta-analyses on other neurological disorders
provide valuable references. A meta-analysis by Begemann et al. (2020) including 82 RCTs found
that both TMS and tDCS yielded small yet statistically significant improvements in working
memory, and tDCS also exerted notable benefits on attention and alertness. A key finding was that
the pro-cognitive effects of NIBS were consistent across diagnoses. Similar effect sizes were
observed in various brain disorders such as dementia, Parkinson's disease and schizophrenia,
suggesting that NIBS acts by modulating general brain network states rather than targeting disease-
specific pathways. This conclusion is highly generalizable to patients with OSA.

Exploration of tDCS application: To date, no RCTs have reported the direct use of tDCS in OSA
patients. Nevertheless, studies on Alzheimer's disease (AD) and mild cognitive impairment (MCI)
have shown that anodal tDCS applied to the left DLPFC or parietal cortex can enhance episodic
memory and executive function (Rektorová et al., 2025). Given the overlapping neuropathological
mechanisms between OSA and AD, including impaired amyloid-β clearance and glymphatic
dysfunction, tDCS possesses considerable translational potential for clinical use in OSA
populations.

3.2.2. Potential Neural Mechanisms: From Neural Oscillations to Brain Network Remodeling
and Glymphatic Modulation

The mechanisms by which non-invasive brain stimulation (NIBS) alleviates OSA-related
cognitive impairment can be elaborated from three aspects: neural oscillations, brain network
remodeling and glymphatic system regulation.

Modulation of cortical neural oscillations: Han et al. (2023) firstly verified in OSA patients that
TMS significantly elevated the power spectral density of theta and beta bands after intervention.
Theta oscillations are closely implicated in the encoding and retrieval of working memory, while
beta oscillations participate in sustained attention and cognitive control. TMS-induced alterations
in oscillatory rhythms serve as electrophysiological markers of neural plasticity, reflecting
persistent enhancement of cortical excitability following stimulation.

Remodeling of unstable functional brain networks: Neuroimaging-based mechanistic studies
indicate that NIBS may exert therapeutic effects by regulating dynamic connectivity patterns of
large-scale brain networks. A recent review in Nature Reviews Neurology noted that advances in
NIBS, including state-dependent protocols, network-based strategies, multifocal and subcortical
paradigms, personalized electric field modeling and accelerated stimulation regimens, offer great
promise for the diagnosis and management of neurological disorders (Rektorová et al., 2025).

Indirect regulation of glymphatic function: Impaired amyloid-β (Aβ) clearance resulting from
glymphatic dysfunction is one of the core mechanisms underlying OSA-related cognitive
impairment (Liu et al., 2023). Whether NIBS can indirectly improve glymphatic function by
adjusting sleep architecture or cerebral hemodynamics has become a major research focus. Latest
evidence suggests that accelerated iTBS is well tolerated and yields clinically meaningful cognitive
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benefits in patients with Alzheimer's disease, which may be linked to the modulation of Aβ
deposition (Rektorová et al., 2025). For OSA populations, exploring the synergistic effects of TMS
and CPAP — whereby TMS restores cortical excitability and CPAP relieves nocturnal hypoxia —
represents a key direction for future investigations.

4. Limitations of Current Studies and Key Directions for Future Research

4.1. Limitations of Existing Studies

Despite remarkable progress in the research on OSA-related cognitive impairment in recent years,
several critical limitations remain, hindering the translation of basic research findings into clinical
practice.

First, most studies adopt a cross-sectional design, resulting in a lack of longitudinal evidence to
confirm causality. The vast majority of current investigations into the association between OSA
and cognitive impairment are cross-sectional, which cannot distinguish causal relationships from
mere correlations. A bidirectional interaction may exist between the two conditions: OSA impairs
cognitive function via intermittent hypoxia and sleep fragmentation, while cognitive decline may
in turn disrupt sleep architecture, thus forming a vicious cycle. Large-sample and long-term
longitudinal cohort studies are urgently required to clarify this complex interplay.

Second, imaging biomarkers lack standardization and external validation. Although emerging
imaging biomarkers have shown promising application prospects, substantial variations in imaging
parameters, analytical pipelines and threshold settings across studies reduce the comparability of
results. To date, there are no unified operational specifications for these biomarkers, nor replications
in independent external cohorts, which limits their clinical application.

Third, intervention studies are plagued by small sample sizes and inconsistent treatment
adherence. Conventional therapies represented by CPAP can effectively alleviate nocturnal hypoxia
and sleep fragmentation, yet the long-term adherence rate among patients is generally below 50%.
A multicenter randomized controlled trial demonstrated that 12-month CPAP treatment
significantly improved functional connectivity of the default mode network and cortical thickness,
but failed to produce notable changes in Montreal Cognitive Assessment scores. This indicates that
relieving upper airway obstruction alone may be insufficient to reverse established brain network
damage, and a longer intervention period may be necessary. For non-invasive neuromodulation
techniques, high-quality randomized controlled trials specifically targeting OSA patients are still
scarce. Major shortcomings include small sample sizes, inconsistent stimulation parameters and a
lack of long-term follow-up data.

Fourth, the causal relationship between the glymphatic system and brain networks remains
unclear. Multiple studies have confirmed glymphatic dysfunction and aberrant brain networks in
OSA patients, both of which are correlated with cognitive performance. However, how glymphatic
dysfunction specifically affects the dynamic reorganization of brain networks, as well as the
temporal sequence and causal pathways linking the two, needs to be further elucidated through
longitudinal imaging studies and animal experiments.
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4.2. Key Priorities for Future Research

This section proposes major research directions from three perspectives: the development of
multimodal radiomics models, exploration of glymphatic system-targeted interventions, and
implementation of relevant clinical trials.

4.2.1. Multimodal Radiomics Models and AI-Based Prediction

Transition from unimodal to multimodal integration: Most current studies evaluate OSA-related
brain damage using a single imaging modality. Nevertheless, glymphatic dysfunction, abnormal
dynamic brain networks and cerebral structural changes interact intricately, so a single modality
cannot fully characterize the overall pathological features. Future research should integrate
multimodal data including structural MRI, functional MRI and angiography to establish combined
radiomics models. As commented by Jackson and Rosenzweig in AJRCCM, integrating high-
density polysomnography with perivascular imaging enables direct verification of the arousal-
vascular uncoupling hypothesis. Repeated respiratory event-related microarousals in OSA patients
may impair norepinephrine-mediated slow vascular pulsation, thereby disrupting glymphatic
function (Jackson & Rosenzweig, 2025).

Artificial intelligence-driven predictive models: The Sleep-Brain-Aging Vulnerability (SBAV)
framework proposed by Sheikh Ibrahim further demonstrates the potential of multi-omics
integration. This hierarchical model incorporates genomics, proteomics, endocrine biomarkers,
EEG sleep microarchitecture and neuroimaging features. It improves the accuracy of identifying
cognitive risks associated with OSA in female patients by 35%–42% compared with traditional
AHI stratification. This paradigm indicates that future model development should fully account for
heterogeneity in gender, age and genetic background (Sheikh Ibrahim, 2025).

4.2.2. Exploration of Glymphatic System-Targeted Interventions

Protective effects of CPAP on glymphatic function: Recent longitudinal studies have yielded
compelling evidence that CPAP can ameliorate glymphatic function. A 4-year follow-up study by
Jackson and Rosenzweig (2025) involving over 1,000 community participants demonstrated a dose-
response relationship between OSA severity and reduced DTI-ALPS index. Patients with alleviated
OSA presented a relative increase in ALPS index, and changes in this index mediated the
association between AHI variations and alterations in visual memory. Additionally, Keil et al. (2026)
reported that pCSF levels in CPAP-treated patients were comparable to those in healthy controls,
while untreated patients had markedly elevated pCSF, which was positively correlated with Aβ
deposition. Another study found that the volume of perivascular spaces in the basal ganglia
remained stable among OSA patients with persistent CPAP adherence, whereas a significant
progression was observed in the non-adherent group (Sommer et al., 2025). Collectively, these
findings suggest that CPAP may slow the progression of cerebral small vessel disease by restoring
glymphatic function.

Direct modulation techniques for glymphatic function: Conventional interventions act on the
glymphatic system indirectly by relieving nocturnal hypoxia, while physical therapies targeting this
system are emerging. An ongoing open-label study conducted at the Mayo Clinic (Mayo Clinic,
n.d.) is the first to evaluate the efficacy of the Automated Manual Lymph Drainage Device
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(AMLDT, Neuroglide) on glymphatic function in OSA patients. Primary outcomemeasures include
changes in plasma Aβ42, Aβ40, Aβ42/Aβ40 ratio, phosphorylated tau 217 (p-tau-217),
neurofilament light chain and glial fibrillary acidic protein. Eligible participants are required to
have received stable CPAP treatment for no less than six months. This study aims to assess the
incremental benefits of combining lymph drainage therapy with CPAP, and provide evidence for
the "CPAP-plus" combined intervention strategy.

4.2.3. Biomarker Enrichment and Long-Term Follow-Up Clinical Trials

Biomarker enrichment strategies: A 12-month follow-up study by Frias et al. on patients with
Alzheimer's disease comorbid with OSA found that cognitive decline progressed more slowly in
individuals with good CPAP adherence compared with those with poor adherence. Baseline sleep
architecture, sleep efficiency and sleeping posture were predictive of cognitive outcomes,
indicating these parameters can serve as enrichment biomarkers to identify patients most likely to
benefit from treatment (Frias et al., 2025). Ma et al. further demonstrated that plasma neurofilament
light chain (NfL) outperformed Aβ-related biomarkers in distinguishing OSA patients with
concomitant mild cognitive impairment (MCI). When combined with conventional indicators, its
area under the curve (AUC) reached 0.907 (Ma et al., 2026). In future clinical trials, plasma NfL,
glial fibrillary acidic protein (GFAP) and p-tau-217 can be incorporated into enrollment criteria or
stratified randomization design to enhance statistical power.

Long-term follow-up and real-world evidence: Most existing intervention studies adopt a follow-
up period of 3 to 12 months. However, the development and progression of OSA-related cognitive
impairment is a chronic process. Randomized controlled trials with a follow-up duration of at least
2 to 3 years are warranted to clarify whether interventions can prevent progression to dementia.
Meanwhile, pragmatic clinical trials based on real-world data should be conducted to evaluate long-
term adherence and therapeutic effects of interventions under routine clinical settings.

5. Discussion and Conclusions

Research on the mechanisms and innovative interventions for cognitive impairment associated
with obstructive sleep apnea has become a cutting-edge hotspot at the intersection of sleep medicine
and neuroscience. This article reviews recent advances in this field, and the main conclusions are
summarized as follows. First, glymphatic dysfunction and destabilization of dynamic functional
brain networks are two core neuroimaging mechanisms underlying OSA-related cognitive
impairment, with a well-established mediating coupling pathway between them. At the micro level,
multimodal imaging evidence based on the DTI-ALPS index and pCSF mapping consistently
confirms evident glymphatic impairment in OSA patients. A systematic review and meta-analysis
by Ghaderi et al. reported a significant reduction in the DTI-ALPS index among patients with severe
OSA relative to healthy controls, verifying substantial glymphatic dysfunction in this population
(Ghaderi et al., 2025). Li et al. further found that patients with severe OSA exhibited markedly
attenuated global and anterior BOLD-CSF coupling, which was closely correlated with cognitive
decline. Notably, both cognitive function and cortical glymphatic function were significantly
improved after effective treatment (Li et al., 2025). At the macro level, dynamic functional network
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analyses have identified two unstable patterns in OSA patients: excessive dwell time in specific
connectivity states and abnormal state transitions, accompanied by impaired dynamic
reorganization of the default mode network, salience network and executive control network
(Huang et al., 2023; Li et al., 2022;Wang et al., 2025). Mediation analyses have established a causal
chain from glymphatic dysfunction to reduced network efficiency and subsequently to cognitive
impairment (Xiong et al., 2024).

It is worth emphasizing that the association between glymphatic dysfunction and cognitive
impairment is not unique to OSA. Recent systematic reviews and meta-analyses have demonstrated
a consistent link between sleep disorders and impaired glymphatic clearance, with OSA exerting
the strongest effect, which supports the dose-response relationship and relevant cognitive analyses
(De la Herrán-Arita, 2026; Ghaderi et al., 2025; Wostyn & Nedergaard, 2026). A review by De la
Herrán-Arita further regarded the glymphatic system as a key physiological bridge connecting sleep
disturbances and the molecular pathogenesis of neurodegenerative diseases. Common clinical
conditions including OSA, chronic insomnia and circadian rhythm disorders can fundamentally
disrupt glymphatic clearance (De la Herrán-Arita, 2026). Collectively, the above evidence indicates
that OSA-related glymphatic dysfunction ultimately leads to multidimensional cognitive deficits
by compromising global brain network efficiency.

Second, continuous positive airway pressure (CPAP) yields limited and highly heterogeneous
effects on cognitive function in OSA patients, while non-invasive neuromodulation techniques
show promising potential as adjunct interventions. Although CPAP effectively corrects nocturnal
hypoxia and sleep fragmentation, meta-analyses have revealed inconsistent cognitive
improvements across studies (Lal et al., 2022). Simply alleviating upper airway obstruction is
insufficient to reverse established brain network damage, creating an urgent need for
complementary therapeutic approaches.

Represented by repetitive transcranial magnetic stimulation (rTMS) and transcranial direct
current stimulation (tDCS), non-invasive brain stimulation (NIBS) can directly modulate neuronal
excitability in targeted brain regions, enhance neural plasticity and regulate dynamic connectivity
of large-scale brain networks. It provides a novel treatment option for OSA patients who are
intolerant to CPAP or suffer from persistent cognitive impairment after CPAP therapy. A high-
quality umbrella review by Wu et al. confirmed that NIBS, particularly rTMS and tDCS,
significantly improves overall cognition, language ability, executive function and memory in
patients with Alzheimer's disease and mild cognitive impairment (Wu et al., 2025).

In direct evidence from OSA populations, a randomized controlled trial by Han et al.
demonstrated that iTBS applied over the left dorsolateral prefrontal cortex remarkably improved
visual memory, sustained attention and working memory in OSA patients. The intervention also
increased the relative power spectral density of theta and beta bands in the parietal, temporal and
anterior brain regions, indicating that TMS ameliorates cognition by regulating cortical neural
oscillations (Han et al., 2023). Future research should further explore the synergistic effects of
NIBS combined with CPAP, as well as the potential mechanisms whereby NIBS restores
glymphatic function indirectly via modulating sleep architecture.
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Third, research on OSA-related cognitive impairment is evolving from the traditional hypoxia-
brain injury paradigm toward an integrated diagnosis and treatment model featuring multimodal
mechanism interpretation, targeted intervention and precise patient stratification. This paradigm
shift is mainly driven by three factors. First, the rapid advancement of multimodal neuroimaging
techniques enables systematic exploration of mechanisms ranging from glymphatic function to
dynamic brain networks, and provides objective biomarkers for accurate identification of
individuals at high risk of cognitive decline. Second, interventions targeting the glymphatic system
and dynamic brain networks are progressing from theoretical research to clinical validation. Third,
biomarker enrichment strategies are expected to enhance the statistical power and clinical
translation efficiency of clinical trials. Future studies should prioritize large-sample, multicenter
randomized controlled trials with a follow-up period of no less than 2 to 3 years, to clarify the
efficacy of different interventions in preventing progression to dementia. Additionally, it is essential
to develop multimodal radiomics prediction models integrating structural MRI, functional MRI and
angiography, so as to facilitate precise stratified management of OSA-related cognitive impairment.
The establishment of this new paradigm will lay a more solid theoretical foundation and offer
practical approaches for the early identification and effective intervention of OSA-associated
cognitive deficits.
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Abstract

Hepatitis B virus (HBV) remains a major contributor to chronic liver disease worldwide and
represents a significant global health challenge. The HBx protein plays an important role in HBV
replication and viral pathogenesis and is therefore considered a promising therapeutic target. In
the present study, an in silico molecular docking approach was employed to identify potential
HBx inhibitors from a selected group of fourteen compounds. The three-dimensional structure of
the HBx protein was predicted using the I-TASSER server, and the selected compounds were
subjected to molecular docking using PyRx and AutoDock Vina. The docking results revealed
that several compounds exhibited favorable predicted binding affinities toward HBx, with
SC75741 showing the most favorable docking score (−9.8 kcal/mol), followed by Rutin (−9.1
kcal/mol), Cynarin (−8.6 kcal/mol), and Ledipasvir (−8.4 kcal/mol). Notably, Cynarin, which is
not currently an approved anti-HBV drug, demonstrated a favorable docking score and
interactions with several important HBx residues, highlighting its potential as a candidate lead
compound for further investigation. Overall, the findings suggest that the identified compounds,
particularly SC75741, Rutin, Cynarin, and Ledipasvir, may serve as potential candidates for HBx-
targeted anti-HBV drug discovery.

Keywords: Hepatitis; Bioinformatics; HBV; HBx; Computational Drug Design

1. Introduction

Hepatitis B virus (HBV) is a member of the Hepadnaviridae family of enveloped DNA viruses
(Hamadalnil & Altayb, 2024). Acute hepatitis caused by HBV infection can develop into chronic
hepatitis B, liver fibrosis, cirrhosis, and hepatocellular carcinoma (Saeed et al., 2023). Chronic
HBV infections increase the risk of liver cancer and cirrhosis and are therefore considered a silent
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killer disease (Ahmadi et al., 2024). HBV is a partially double-stranded DNA virus. Nine
genotypes, A to I, and a potential tenth genotype, J, have been identified; full-genome analysis
indicates that these genotypes differ by more than 8% (Velkov et al., 2018). According to a
worldwide genotypic study, genotypes C (26%), D (22%), E (18%), A (14%), and B (11%) are
responsible for 96% of chronic HBV infections (Velkov et al., 2018).

Four copies of the viral mRNA are translated into seven proteins: three surface proteins (S, M,
and L), polymerase (P), core protein or capsid (C), additional protein (e), and transactivator X
protein (Mohebbi et al., 2023). Of the four HBV open reading frames that partially overlap, the
HBx gene is the smallest. It encodes a regulatory protein of 154 amino acids and a molecular
mass of 17 kDa and is composed of 452 nucleotides (Pathak et al., 2014). HBV can remain
undetectable for long periods, resulting in progressive immune-mediated liver damage (Baei et al.,
2025). Since HBV can progress slowly over decades, not everyone infected with the virus
develops symptoms. Some individuals may experience nausea, vomiting, fever, dark urine,
tremors, low appetite, jaundice, blood in the stool, and diarrhea (Gholizadeh et al., 2023).

Hepatitis B spreads when the blood or seminal fluid of an infected person enters another
person’s body (Rizzo et al., 2022). HBV is mostly transmitted through contact with contaminated
blood or body fluids, breastfeeding by an infected person, travel to regions with high HBV
infection rates, sharing personal items, sharing needles, and exposure among drug users and
medical staff (Tufon et al., 2019). During delivery, HBV can also be transferred from an infected
mother to a newborn (Naderi et al., 2023). According to the World Health Organization's (WHO)
2024 Global Hepatitis Report, there are 254 million people living with HBV worldwide, with an
estimated 1.2 million new HBV infections occurring annually (Ugbaja et al., 2025). Iran is one of
the countries where HBV prevalence is low to medium (2.2%). Currently, Pakistan and Egypt
account for almost 80% of the worldwide hepatitis burden.

The entire HBV virion consists of a nucleocapsid containing relaxed circular DNA (rcDNA)
and an outer membrane layer. Heparan sulfate proteoglycans and sodium taurocholate co-
transporting polypeptide (NTCP) interact sequentially with HBV to facilitate infection of
hepatocytes (Ko et al., 2018). Following fusion of the viral and cellular membranes, the viral
particle is internalized through endocytosis. The viral capsid is released into the cytoplasm and
transported through endosomal regions and cytosol by the nuclear pore (Hu et al., 2019) . The
HBV X protein (HBx) is necessary for HBV replication (Tsukuda & Watashi, 2020). Cell
invasion and proliferation are influenced by several signaling pathways that are affected by HBx.
HBx contributes to oncogenesis in addition to chromosomal instability and viral replication. It
regulates oxidative stress, migration, angiogenesis, oncogenesis, and DNA methylation (Shaikh et
al., 2022).

Unfortunately, most approved anti-HBV medications have certain therapeutic limitations
despite their efficacy (Martyn et al., 2023). Long-term use of HBV polymerase inhibitors and
nucleotide analogs (lamivudine, adefovir, entecavir) can lead to drug resistance with mutations in
the Pol "Tyr-Met-Asp-Asp (YMDD)" motif; some patients experience adverse effects from
interferon (pegIFN-α) treatment (Parvez et al., 2019).
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2. Materials and Methods

2.1. Sequence Retrieval

The FASTA sequence of the target protein was retrieved from UniProtKB using the accession
number Q69027, corresponding to the HBV protein X of genotype C subtype ayr (UniProt
Consortium, 2021). The protein consists of 154 amino acids. After downloading the sequence in
FASTA format, it was submitted to the I-TASSER server for structure prediction.

2.2. Structure Prediction

The three-dimensional (3D) structure of the HBx protein was predicted using I-TASSER,
which predicts stable and accurate protein structure (Yang et al., 2015). The FASTA sequence
was provided as the input. Among the five candidate models generated by the server, the model
with the highest C-score was selected as the best-predicted structure. The protein was
subsequently processed using SWISS-PDB Viewer to clean the structure, and the cleaned protein
structure was saved for molecular docking analysis.

2.3. Ligand Preparation

The selected natural compounds were retrieved from the PubChem database (Kim et al., 2023),
an open repository maintained by the National Center for Biotechnology Information (NCBI) that
provides comprehensive information on chemical structures and their biological activities
(Schoch et al., 2020).

To generate 3D structures, the canonical SMILES (Simplified Molecular Input Line Entry
System) notation of each compound was obtained from PubChem and entered into ChemDraw
software. ChemDraw was used to generate the corresponding 2D structure and 3D conformations
for further analysis. The energy of each ligand was minimized using the Molecular Mechanics 2
(MM2) force field to optimize bond angles, torsional angles, and bond lengths, thereby obtaining
a low-energy and more stable molecular conformation. The energy-minimized structures were
then saved in PDB format. Subsequently, the energy-minimized 3D structures were imported into
PyRx, where the Open Babel module was used to further prepare the ligands and convert them
into PDBQT format for molecular docking (Dallakyan & Olson, 2015).

2.4. Molecular Docking

Molecular docking was performed after preparing of the protein and ligand structures to
identify compounds with the strongest binding affinity towards the target protein. PyRx, an open-
source virtual screening platform that utilizes AutoDock Vina, was used for the docking analysis
(Che et al., 2023; Kanwal et al., 2017). The prepared HBx structure was used as the receptor,
while the selected compounds were used as ligands. Blind docking was subsequently performed
by setting a grid box that surrounded the entire HBx protein structure. This approach ensured that
all potential binding pockets were explored during docking, allowing potential active sites to be
identified. The best docking pose for each ligand was selected based on the lowest binding energy
(kcal/mol) score. Lowest binding energy values indicate stronger predicted interactions between
the ligand and target protein.
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The docking results were further analyzed and visualized using Discovery Studio Visualizer to
characterize the interactions between the ligand and the protein binding site (Baroroh et al., 2023).
Molecular interactions, including hydrogen bonds, hydrophobic interactions, and van der Waals
forces, were determined to analyze the binding pose and predicted stability of the ligand-protein
complexes.

3. Results

3D structure of HBx was predicted using the I-TASSER server. The final protein structure
obtained after cleaning was used for evaluating the binding affinities of the selected antiviral
compounds against the HBx protein (Figure 1).

The predicted structure of the protein was validated by using multiple structural assessment
tools, like ERRAT, Verify3D, and PROCHECK, to evaluate the overall quality and consistency
(Figure 2 (a,b) (Patil et al., 2025). These methods of assessment assess the non-bonded atomic
interactions, sequence-structure compatibility, and chiral fidelity of the model, confirming its
relevance for ensuing computational analysis (Table 1) (Rasool et al., 2018). The Ramachandran
plot analysis showed that 98% of residues were located in favored regions and only 30 residues
were in disallowed regions.

A total of fourteen ligands were selected for molecular docking analysis against the HBx
protein (Figure 3). The optimized ligand structures were later used for molecular docking to
evaluate their binding affinity. The selected fourteen compounds were subjected to molecular
docking against the HBx protein using PyRx. The binding affinities of the docked complexes
were analyzed, and the compounds were ranked according to their docking scores from strongest
to weakest binding. Among the screened compounds, SC75741 showed the strongest binding
affinity towards the HBx protein. The binding energies of docked compounds are displayed in
Table 2.

Figure 1. 3D predicted structure of HBx protein
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Table 1. Results of structure validation

Analyses Values

Overall quality factor 60.6897%

Compatibility 89.61%

Allowed region 89.7%

Table 2. Binding energies of docked compounds against HBx

Rank Compounds Binding energy (Kcal/mol) classification

1 Sc75741 -9.8 Strong binder

2 Bilobetin -9.6 Strong binder

3 Rutin -9.1 Strong binder

4 Cynarin -8.6 Strong binder

5 Ledipasvir -8.4 Strong binder

6 Oleanolic acid -8.2 Strong binder

7 Luteoline -8.2 Strong binder

8 Betulinic acid -7.6 Moderate binder

9 Ellagic acid -7.3 Moderate binder

10 Resveratrol -7.1 Moderate binder

11 Curcumin -6.8 Moderate binder

12 Turmerone -6.4 Moderate binder

13 Lamivudine -5.4 Weak binder

14 1,8-cineole (Eucalyptol) -5.2 Weak binder

The docking analysis demonstrated differences in the predicted binding affinities among the
fourteen compounds, indicating variation in their interactions with the HBx binding region.
Compounds exhibiting more favorable docking scores were considered to have stronger predicted
binding interactions with the target protein and were therefore prioritized for further interaction
analysis. The docked complexes of all fourteen compounds were imported into BIOVIA
Discovery Studio Visualizer for detailed interaction profiling. Visualization of each complex in
both three-dimensional (3D) and two-dimensional (2D) interaction modes revealed the specific
amino acid residues of HBx involved in hydrogen bonding, hydrophobic contacts, π–π stacking,
and van der Waals interactions with each ligand (Table 3; Figure 4).
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Figure 2. a) Ramachandran plot and b) ERRAT graph of predicted structure

Figure 3. Two-dimensional chemical structures of the fourteen ligands
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The interaction analysis provided additional structural insights into the predicted binding
modes of the selected compounds. The identification of multiple types of non-covalent
interactions helped characterize the ligand-binding patterns and provided a basis for comparing
the binding modes of the fourteen compounds. In particular, the interaction profile of SC75741
was further examined to identify the residues and intermolecular interactions potentially
contributing to its favorable docking score. Interestingly, it was observed that all the screened
compounds bound at a similar binding site (Table 3).

Table 3. Interacting residues of HBx for all complexes

Rank Compounds Residues

1 Sc 75741 Leu-9, Asp-10, Arg-13, Val-15, Thr-74, Ala-767, Ser-78, Ile-127, Arg-128, Leu-
129, Pro-147, Cys-148, Pro-152, Ser-153

2 Bilobetin Cys-7, Gln-8, Leu-9, Arg-13, Val-15, Cys-17, Thr-74, Ser-75, Ala-76, Ser-78, Ile-
127, Arg-128, Leu-129, Cys-143, Ser-144, Pro-145, Phe-150, Phe-151, Pro-152,
Ser-1533 Rutin Leu-9, Asp-10, Arg-13, Arg-72, Thr-74, Ala-76, Arg-77, Ser-78, Ile-127, Arg-128,
Leu-129, Lys-130, Ser-144, Pro-145, Pro-152

4 Cynarin Leu-9, Asp-10, Arg-13, Val-15, Ala-62, Phe-63, Ser-64, Arg-72, Thr-74, Ala-76,
Ser-78, Ile-127, Arg-128, Leu-129, Lys-130, Phe-132, Arg-138, His-139, Ser-144,
Pro-145, Ala-146, Pro-147, Cys-148, Pro-152, Ser-1535 Ledipasvir Leu-9, Asp-10, Pro-11, Ala-12, Arg-13, Val-15, Pro-36, Pro-38, Thr-74, Ser-75,
Ala-76, Ile-127, Arg-128, Leu-129, Lys-130, Ser-144, Pro-145, Pro-152, Ser-153

6 Oleanolic
acid

Leu-9, Arg-13 Val-15, Thr-74, Ala-76, Ile-127, Arg-128, Leu-129, Pro-152, Ser-
153

7 Luteoline Leu-9, Arg-13 Val-15, Arg-72, Thr-74, Ala-76, Ser-78, Ile-127, Arg-128, Leu-129,
Lys-130, Ser-144, Pro-145, Pro-152

8 Buetulinic
acid

Leu-9, Asp-10, Arg-13 Val-15, Thr-74, Ser-75, Ala-76, Ile-127, Arg-128, Leu-129,
Pro-147, Cys-148, Pro-152, Ser-153

9 Ellagic acid Cys-7, Leu-9, Asp-10, Arg-13, Val-15, Cys-17, Thr-74, Ser-75, Ala-76, Arg-128,
Pro-152, Ser-153

10 Resveratrol Leu-9, Arg-13, Val-15, Arg-72, Thr-74, Ala-76, Ser-78, Ile-127, Arg-128, Leu-129,
Lys-130, Ser-144, Pro-145, Cys-148, Pro-152

11 Curcumin Leu-9, Arg-13, Val-15, Ala-76, Ser-78, Ile-127, Arg-128, Leu-129, Cys-143, Ser-
144, Pro-145, Cys-148, Pro-152

12 Turmerone Leu-9, Thr-74, Ala-76, Ser-78, Ile-127, Arg-128, Leu-129, Lys-130, Ser-144, Pro-
145, Pro-152

13 Lamivudine Arg-13, Val-15, Ala-76, Ser-78, Ile-127, Arg-128, Leu-129, Ser-144, Pro-145, Ala-
146, Pro-147, Cys-148, Pro-152

14 1,8-cineole
(Eucalyptol)

Cys-7, Leu-9, Arg-13, Val-15, Thr-74, Ser-75, Ala-76, Leu-129, Ser-153
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Figure 4. Two-dimensional interactions of a) Sc757241 – HBx complex, b) Bilobetin – HBx complex, c)
Rutin – HBx complex and d) Cynarin – HBx complex.

4. Discussion

The present study investigates the inhibitory potential of selected natural compounds against
the HBx protein using molecular docking. HBx plays a key role in HBV replication and is a
multifunctional regulatory protein involved in the progression of hepatocellular carcinoma and
viral chronicity, making it a high-valuecandidate for therapeutic targeting. Molecular docking
showed that SC75741 (-9.8 Kcal/mol), Bilobetin (-9.6 Kcal/mol), Rutin (-9.1 Kcal/mol), Cynarin
(-8.6 Kcal/mol), and Ledipasvir (-8.4 Kcal/mol) exhibited the strongest binding affinities towards
the HBx protein. These compounds were therefore classified as strong binders to HBX.
Lamivudine (-5.4 Kcal/mol), 1,8-cineole (-5.2 Kcal/mol) showed the weakest binding affinities.
Lower binding energy values indicated more favorable predicted protein-ligand interactions.

The protein-ligand interaction analysis further supported the docking results. Several common
amino acid residues were identified among the top-ranked compounds, including Leu-9, Arg-13,
Val-15, Thr-74, Ala-76, Ile-127, Arg-128, Leu-129, Pro-152, and Ser-153. These residues may
play key roles in ligand binding within the binding pockets of HBx. The repeated occurrence of
these residues in the binding profiles of the top-ranked ligands suggests that they may represent
an important binding region within the HBx protein. The existence of hydrophobic interactions
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and hydrogen bonds may contribute to the stability of the ligand-protein complexes and
potentially explain the favorable binding energies noted for the leading compounds.

Among the selected compounds, Cynarin displayed distinct binding capability, with a favorable
binding energy of -8.6 Kcal/mol. It interacted with many key residues participating in binding
interactions, including Leu-9, Arg-13, Thr-74, Arg-128, Leu-129, Pro-152, and Ser-153. Cynarin
is not currently an approved drug for the treatment of HBV infection; its binding energy and
interaction profile suggest that it could serve as a promising lead compound for the development
of novel HBx inhibitors.

The findings of the present study are consistent with previous computational studies that have
identified HBx as an attractive molecular target for anti-HBV drug discovery. The identification
of favorable binding interactions between the selected compounds and HBx provides a basis for
further computational and experimental investigations aimed at developing effective HBx-
targeted therapies for HBV infection.

5. Conclusion

This study identified potential inhibitors of the HBx protein through molecular docking
analysis. Among the fourteen compounds evaluated, SC75741, Bilobetin, Rutin, Cynarin, and
Ledipasvir exhibited the strongest binding affinities and favorable interactions with key HBx
residues. Cynarin showed promising binding characteristics despite not being an approved anti-
HBV drug, highlighting its potential as a novel lead compound. These findings provide a basis for
further computational and experimental studies to validate the inhibitory activity and therapeutic
potential of these compounds against the HBx protein.
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Abstract

Polycyclic aromatic hydrocarbons (PAHs), major atmospheric pollutants, have been associated
with allergic respiratory disease, but the molecular links between individual PAHs and allergic
rhinitis (AR) remain incompletely characterized. This in silico study explored predicted
associations of three high-molecular-weight PAHs—benzo[a]pyrene (BaP), benzo[a]anthracene
(BaA), and dibenz[a,h]anthracene (DBA)—with AR-related molecular networks. We integrated
ADMET prediction (ADMETlab 2.0), multi-source target identification, network topology analysis
(STRING and Cytoscape), functional enrichment (DAVID), and molecular docking (AutoDock
Vina). ADMET analysis generated multiple toxicological alerts for all three compounds. Network
analysis identified 191, 138, and 159 overlapping targets for the BaP–AR, BaA–AR, and DBA–
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AR datasets, respectively. BaP-associated targets were preferentially enriched in chemotaxis and
chemokine signaling, whereas BaA- and DBA-associated targets were more strongly enriched in
xenobiotic and cytochrome P450-related metabolic pathways. Molecular docking yielded
energetically favorable predicted poses between BaP and chemokine-related hub proteins (CCL2,
CCL5, CXCL8, CXCL12, and CXCR4) and between BaA/DBA and metabolic hub proteins,
including ABCB1, CYP1A2, and CYP3A4. Taken together, these analyses generate a hypothesis
that BaP may be preferentially associated with chemokine-related inflammatory networks, whereas
BaA and DBA may be associated with metabolic-enzyme networks that could influence
endogenous inflammatory mediator metabolism or drug disposition. Given its computational scope,
this study yields in silico-generated hypotheses and candidate targets warranting experimental
validation.

Keywords: Polycyclic Aromatic Hydrocarbons; Allergic Rhinitis; Network Toxicology; Molecular
Docking; In Silico Analysis

1. Introduction

Allergic rhinitis (AR) is an immunoglobulin E-mediated type I hypersensitivity reaction
triggered by inhaled allergens. Pathologically, it is characterized by a Th2-biased immune response
in the nasal mucosa. This response activates B lymphocytes to generate allergen‑specific IgE,
facilitates inflammatory‑cell recruitment, and is associated with epithelial injury, glandular
hyperplasia, and mucosal‑barrier dysfunction (Zhang et al., 2021). The hallmark symptoms include
paroxysmal sneezing, rhinorrhea, nasal pruritus, and congestion (Bousquet et al., 2020). AR affects
hundreds of millions of people worldwide, impairs quality of life, and represents a substantial
public‑health burden (Colás et al., 2017; Cox, 2016). Although genetic predisposition and common
environmental allergens, such as pollen and dust mites, are established contributors (Bernstein et
al., 2024), epidemiological evidence also associates air‑pollutant exposure with AR susceptibility
and symptom severity (Li et al., 2022; Lu et al., 2022). Long‑term exposure to specific PM2.5
constituents has likewise been associated with allergic diseases (Feng et al., 2023).

Polycyclic aromatic hydrocarbons (PAHs) are atmospheric contaminants generated mainly by
incomplete combustion of organic materials (Srogi, 2007). Their lipophilicity and environmental
persistence facilitate widespread distribution, bioaccumulation, and biological uptake (Abdel-Shafy
& Mansour, 2016; Barbosa et al., 2023). Their carcinogenic and mutagenic effects are well
documented (Holme et al., 2023; Liu et al., 2008), and epidemiological and experimental evidence
has linked PAH exposure to immune dysregulation and allergic respiratory disease (Karimi et al.,
2015; Yu et al., 2022). The selected high‑molecular‑weight PAHs differ structurally: BaA contains
four fused aromatic rings, whereas BaP and DBA each contain five, and the three compounds have
distinct ring‑fusion geometries. These structural differences may alter molecular shape and target
complementarity, providing a chemical rationale for comparing their predicted target profiles
(Barbosa et al., 2023; Bukowska et al., 2022). Research has focused primarily on BaP, which has
been associated with eosinophilic airway inflammation and aggravated nasal obstruction in
experimental allergic models (Mizutani et al., 2007; Tajima et al., 2020). By contrast, the potential
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molecular associations of BaA and DBA with AR remain poorly integrated and underexplored
(Malik et al., 2013).

In this in silico study, we aimed to explore potential molecular associations of benzo[a]pyrene
(BaP), benzo[a]anthracene (BaA), and dibenz[a,h]anthracene (DBA) with allergic rhinitis (AR).
Our goal was to characterize the differential target profiles of these high-molecular-weight PAHs
by integrating toxicity prediction, network toxicology, functional enrichment, and molecular
docking. Specifically, we employed these computational approaches to map the predicted
relationships between the PAHs and their potential targets. Through this comprehensive analysis,
we sought to generate testable hypotheses and identify candidate targets associated with PAH-
linked AR, thereby providing a computational framework for understanding environmental
pollutant-immune interactions.

2. Methods

2.1. Integrated Network Toxicology-Based Analysis of PAHs

This study used an integrated computational approach to investigate three prototypical high-
molecular-weight polycyclic aromatic hydrocarbons (HMW PAHs): benzo[a]pyrene (BaP),
benzo[a]anthracene (BaA), and dibenz[a,h]anthracene (DBA). Their canonical SMILES strings
were retrieved from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/). The ADMET
properties were then predicted using the ADMETlab 2.0 platform
(https://admetmesh.scbdd.com/service/evaluation/cal), providing exploratory pharmacokinetic and
toxicological descriptors for subsequent target-prioritization analyses (Xiong et al., 2021).

2.2. Screening and Identification of Potential PAHs Molecular Targets

Potential molecular targets of the PAHs were screened using a triple-database cross-validation
strategy. First, compound names were standardized and SMILES strings were obtained from
PubChem. Parallel queries were then performed across three databases: 1) ChEMBL
(https://www.ebi.ac.uk/ChEMBL/), using standardized compound names (e.g., "Benzo[a]pyrene")
and a species filter for "Homo sapiens"; 2) SEA database (https://sea.bkslab.org/), by submitting
the SMILES strings for screening against "HUMAN" targets; and 3) TargetNet database
(http://targetnet.scbdd.com/calcnet/index/), where SMILES strings were submitted to retain targets
with a probability score greater than 0 (Prob > 0). The resulting target lists from all sources were
integrated, and duplicates were removed. The combined list was then filtered through the UniProt
database, restricting entries to 'Reviewed' proteins from 'Human' species, to obtain a non-redundant
library of standardized target gene names (Coudert et al., 2023).

2.3. Compilation of AR-Associated Targets

Targets associated with allergic rhinitis (AR) were systematically retrieved from four databases:
DrugBank (https://go.drugbank.com/), GeneCards (https://www.genecards.org/), OMIM
(https://www.omim.org/), and TTD (https://db.idrblab.net/ttd/), using "allergic rhinitis" as a
standardized search query. To maximize relevance, GeneCards entries were screened to retain only
those with a relevance score exceeding the median. Following data integration and removal of
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redundant entries, a standardized AR target library was constructed, encompassing 1363 unique
targets.

2.4. Intersection Analysis of PAHs and Allergic Rhinitis Targets

The overlap between predicted PAH targets and AR-associated targets was identified and
visualized using the jvenn tool on the Weishengxin online platform (Bardou et al., 2014).
Specifically, the PAH target library and the AR target library were uploaded separately. The
platform's standard intersection analysis was then performed, generating an interactive Venn
diagram. This diagram provided key statistical metrics and directly listed the common targets
shared between the two sets. These shared targets were carried forward for exploratory network and
enrichment analyses.

2.5. Establishment of the Protein-Protein Interaction (PPI) Network and Determination of
Hub Targets

Based on the common targets identified in the Venn analysis, a human PPI network was
constructed in the STRING database (confidence threshold > 0.4, https://cn.string-db.org/). The PPI
network was imported into Cytoscape (Shannon et al., 2003) for multiparametric topological
analysis. Significant targets were screened using the CytoNCA plugin based on degree centrality,
closeness centrality, betweenness centrality, and local average connectivity (LAC). High-density
functional modules were identified using the MCODE plugin (parameters: degree cutoff=2, k-
core=2). The top 10 hub candidate genes were predicted by the MCC algorithm of the CytoHubba
plugin. Ultimately, core hub genes were defined as the triple intersection of: 1) CytoNCA-
significant targets, 2) MCODE core module genes, and 3) CytoHubba top 10 genes.

2.6. GO and KEGG Pathway Enrichment Analysis

Potential intersecting target genes between PAHs and AR were analyzed using the DAVID
database (Huang da et al., 2009), with species restricted to Homo sapiens. Comprehensive
functional annotation was conducted through Gene Ontology (GO) analysis encompassing
biological processes, molecular functions, and cellular components, alongside pathway enrichment
analysis via the Kyoto Encyclopedia of Genes and Genomes (KEGG) resource. Results were
visualized using the integrated Weishengxin modules as bar charts and pathway-oriented bubble
maps to summarize predicted functional associations and pathway patterns.

2.7. Molecular Docking Analysis of PAHs against Hub Targets

The crystal structures of the selected hub target protein were retrieved from the RCSB Protein
Data Bank (https://www.rcsb.org/). Ligand structures of PAHs were standardized using PubChem.
Prior to molecular docking, the target protein structure was preprocessed to remove all water
molecules and co-crystallized ligands using PyMOL. Subsequently, hydrogen atoms and Gasteiger
partial charges were applied to both the receptor protein and the ligand molecules using
AutoDockTools. A grid box covering the entire putative binding pocket of the receptor was defined
for docking simulations. Molecular docking simulations were conducted under rigid conditions
using AutoDock Vina (Trott & Olson, 2010). Predicted ligand poses were examined with the PLIP
online tool (http://plip-tool.biotec.tu-dresden.de/), and visualized in PyMOL.
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3. Results

3.1. Predicted Toxicological Profiles of the Selected PAHs

ADMETlab 2.0 predicted high plasma protein binding for BaP, BaA, and DBA (PPB > 97%).
The predicted volume of distribution (1.057 - 1.281 L/kg) and clearance (5.990 - 8.051 mL/min/kg)
were compatible with broad tissue distribution and relatively slow elimination. The platform also
generated alerts related to carcinogenicity, genotoxicity, drug-induced liver injury, skin
sensitization, and eye irritation, with predicted activity involving the aryl hydrocarbon receptor and
antioxidant response element pathways. Respiratory toxicity alerts were additionally predicted for
BaP and DBA. These computational outputs were used as exploratory context for target
prioritization.

3.2. Predicted BaP-Associated Targets and Pathways in AR

To characterize the predicted molecular overlap between BaP and AR, BaP-associated targets
obtained from ChEMBL, SEA, and TargetNet (n = 798) were integrated with AR-related targets
from DrugBank, GeneCards, OMIM, and TTD (n = 1363). Intersection analysis identified 191
shared candidate targets (Figure 1A). A PPI network of these targets was constructed using
STRING (Figure 1B) and analyzed in Cytoscape (Figure 1C). Three complementary algorithms
were applied: CytoNCA for centrality-based screening (Figure 1D), CytoHubba for ranking the top
10 genes (Figure 1E), and MCODE for module detection (Figure 1F). The consensus intersection
of these outputs (Figure 1G) prioritized five hub targets: CCL2, CCL5, CXCL8, CXCL12, and
CXCR4. Their predicted interaction subnetwork is shown in Figure 1H.

Functional enrichment analysis of the 191 shared candidate targets identified 154 enriched
KEGG pathways and 856 GO terms, including 593 biological-process, 74 cellular-component, and
189 molecular-function terms. The leading biological-process terms included chemotaxis,
inflammatory response, chemokine-mediated signaling, xenobiotic metabolism, and cellular
chemotaxis; leading cellular-component terms included the cell surface, plasma membrane,
endoplasmic reticulum membrane, and extracellular space; and leading molecular-function terms
included heme binding, oxidoreductase activity, monooxygenase activity, C-C chemokine-receptor
activity, and iron-ion binding (Figure 2A). The top KEGG pathways included chemokine signaling,
viral protein interaction with cytokines and cytokine receptors, lipid and atherosclerosis, chemical
carcinogenesis, and drug metabolism-cytochrome P450 (Figure 2B). These enrichment results
nominate chemokine-related processes as candidate associations.

Within the selected docking protocol, BaP yielded favorable predicted binding scores with
CCL2, CCL5, CXCL8, CXCL12, and CXCR4 (Figure 3). The predicted poses included
hydrophobic, π-stacking, and π-cation interactions, and the most negative docking score was
observed for CXCR4 (−11.5 kcal/mol). These scores support prioritization of the five proteins for
further study, but they do not confirm direct binding, functional modulation, or chemokine
dysregulation in nasal tissue.
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Figure 1. Computational Prioritization of BaP-Associated Targets in AR

Note: (A) Intersection analysis of BaP-associated targets (n = 798) and AR-related targets (n = 1363), yielding
191 shared candidate targets. (B-C) STRING PPI network and Cytoscape visualization. (D-F) CytoNCA
centrality screening, CytoHubba ranking, and MCODE module analysis. (G-H) Consensus analysis prioritized
CCL2, CCL5, CXCL8, CXCL12, and CXCR4 as chemokine-related hub targets.
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Figure 2. Functional Enrichment of Predicted BaP-AR Shared Targets

Note: (A) Top enriched GO terms for the 191 shared BaP-AR candidate targets across biological process,
cellular component, and molecular function. (B) Top enriched KEGG pathways. The principal biological message
is the computational enrichment of chemotaxis, inflammatory-response, and chemokine-signaling terms.

Figure 3. Predicted Docking Poses of BaP with Chemokine-Related Hub Proteins

Note: Representative computational docking poses of BaP with CCL2, CCL5, CXCL8, CXCL12, and CXCR4.
Interaction annotations: hydrophobic (red), π-stacking (sky blue), π-cation (chartreuse).

3.3. Predicted BaA-Associated Targets and Pathways in AR

Using the same analytical approach, BaA-related targets (obtained from ChEMBL, SEA, and
TargetNet; n = 788) were integrated with the previously described AR-related targets (n = 1363).
A total of 138 potential BaA–AR association targets were identified through intersection analysis
(Figure 4A). A protein-protein interaction (PPI) network was established based on these 138 targets
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using the STRING database (Figure 4B), with subsequent visualization performed in Cytoscape
(Figure 4C). The CytoNCA plugin was employed to filter nodes with betweenness centrality,
closeness centrality, degree, and LAC values above the median (Figure 4D). We identified the top
ten hub genes using the CytoHubba plugin (Figure 4E), and performed module clustering with
MCODE (Figure 4F). The intersection of results derived from the three algorithms was illustrated
using a Venn diagram (Figure 4G), yielding three core hub genes: ABCB1, CYP1A2, and CYP3A4.
Their interaction network was subsequently visualized (Figure 4H).

Figure 4. Computational Prioritization of BaA-Associated Targets in AR

Note: (A) Intersection of BaA-associated targets (n = 788) and AR-related targets (n = 1363), yielding 138
shared candidate targets. (B-F) PPI construction, network visualization, centrality screening, hub ranking, and
module analysis. (G-H) Consensus analysis prioritized ABCB1, CYP1A2, and CYP3A4 as metabolic hub targets.

Enrichment analysis of the 138 shared candidate targets identified 124 enriched KEGG pathways
and 649 GO terms, comprising 450 biological-process, 56 cellular-component, and 143 molecular-
function terms. Leading biological-process terms included xenobiotic metabolism, inflammatory
response, steroid metabolism, the cytochrome P450 epoxygenase pathway, and long-chain fatty
acid biosynthesis; leading cellular-component terms included the cell surface, plasma membrane,
endoplasmic reticulum membrane, and membrane raft; and leading molecular-function terms
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included heme binding, iron-ion binding, oxidoreductase activity, monooxygenase activity, and
estradiol 2-hydroxylase activity (Figure 5A). The top KEGG pathways included lipid and
atherosclerosis, serotonergic synapse, arachidonic-acid metabolism, linoleic-acid metabolism, and
chemical carcinogenesis (Figure 5B). These results prioritize metabolic and inflammatory pathways
as computationally associated with the BaA–AR target overlap.

BaA yielded favorable predicted docking scores with ABCB1, CYP1A2, and CYP3A4, with
values below −9 kcal/mol under the selected protocol (Figure 6). The predicted poses included
hydrophobic, π-stacking, and π-cation contacts, and the most negative score was observed for
CYP1A2 (−13.2 kcal/mol). These computational results identify candidate protein–ligand
interactions for future testing.

Figure 5. Functional Enrichment of Predicted BaA-AR Shared Targets

Note: (A) Top enriched GO terms for the 138 shared BaA-AR candidate targets. (B) Top enriched KEGG
pathways. The principal biological message is enrichment of xenobiotic, lipid, arachidonic-acid, steroid, and
cytochrome P450-related metabolic processes.

Figure 6. Predicted Docking Poses of BaA with Metabolic Hub Proteins

Note: Representative computational docking poses of BaA with ABCB1, CYP1A2, and CYP3A4. Interaction
annotations: red for hydrophobic interactions; sky blue for π-stacking; chartreuse for π-cation interactions.
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3.4. Predicted DBA-Associated Targets and Pathways in AR

DBA-associated targets (obtained from ChEMBL, SEA, and TargetNet; n = 891) were combined
with AR-related targets (n = 1363). A total of 159 potential DBA–AR interaction targets were
identified through intersection analysis (Figure 7A). We constructed a protein-protein interaction
(PPI) network from the 159 candidate proteins with the STRING database (Figure 7B) and
visualized it using Cytoscape (Figure 7C). Consistent with the methodology used in the
benzo[a]anthracene investigation, a combination of topological and functional module analyses was
performed, including node centrality screening via CytoNCA (Figure 7D), hub gene identification
using CytoHubba (top 10 genes, Figure 7E), and module detection with MCODE (Figure 7F). The
consensus core targets derived from the three algorithms were identified using a Venn diagram
(Figure 7G), yielding six key hub genes: ABCB1, CYP1A2, CYP3A4, CYP2C9, CYP2C19, and
UGT1A1. The interaction subnetwork among these genes was explicitly depicted (Figure 7H).

Figure 7. Computational Prioritization of DBA-Associated Targets in AR

Note: (A) Intersection of DBA-associated targets (n = 891) and AR-related targets (n = 1363), yielding 159
shared candidate targets. (B-F) PPI construction, network visualization, centrality screening, hub ranking, and
module analysis. (G-H) Consensus analysis prioritized ABCB1, CYP1A2, CYP3A4, CYP2C9, CYP2C19, and
UGT1A1 as metabolic hub targets.
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Enrichment analysis of the 159 shared candidate targets identified 147 enriched KEGG pathways
and 726 GO terms, comprising 482 biological-process, 70 cellular-component, and 174 molecular-
function terms. Leading biological-process terms included xenobiotic metabolism, estrogen
metabolism, steroid metabolism, inflammatory response, and the cytochrome P450 epoxygenase
pathway; leading cellular-component terms included the cell surface, plasma membrane,
endoplasmic reticulum membrane, and membrane raft; and leading molecular-function terms
included heme binding, oxidoreductase activity, iron-ion binding, and monooxygenase activity
(Figure 8A). The leading KEGG pathways included lipid and atherosclerosis, chemical
carcinogenesis, metabolism of xenobiotics by cytochrome P450, and serotonergic synapse (Figure
8B). These results prioritize metabolic-enzyme networks as computationally associated with the
DBA-AR target overlap.

DBA yielded favorable predicted docking scores with ABCB1, CYP1A2, CYP3A4, CYP2C9,
CYP2C19, and UGT1A1, with values below −9 kcal/mol under the selected protocol (Figure 9).
The predicted poses included hydrophobic, π-stacking, and π-cation contacts, and the most negative
score was observed for CYP1A2 (−14.2 kcal/mol). These computational scores support target
prioritization but do not establish direct binding, altered catalytic activity, or a causal role in AR.

Figure 8. Functional Enrichment of Predicted DBA-AR Shared Targets

Note: (A) Top enriched GO terms for the 159 shared DBA-AR candidate targets. (B) Top enriched KEGG
pathways. The principal biological message is enrichment of xenobiotic, steroid, estrogen, and cytochrome P450-
related metabolic processes.
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Figure 9. Predicted Docking Poses of DBA with Metabolic Hub Proteins

Note: Representative computational docking poses of DBA with ABCB1, CYP1A2, CYP3A4, CYP2C9,
CYP2C19, and UGT1A1. Interaction annotations: hydrophobic (red), π-stacking (sky blue), π-cation (chartreuse).

4. Discussion

Allergic rhinitis (AR) is a prevalent inflammatory respiratory disease whose occurrence and
severity have been associated with environmental pollution (Li et al., 2022). PAHs are persistent
organic pollutants generated by incomplete combustion and are detected in particulate matter,
vehicle exhaust, tobacco smoke, and other environmental media (Låg et al., 2020). PAH exposure
has also been linked to altered regulatory T-cell function, providing biological plausibility for
effects on allergic immune responses (Hew et al., 2015). Consistent with this, epidemiological
evidence supports an association between PAH exposure and respiratory diseases in children,
particularly asthma development and impaired respiratory function, with pediatric populations
showing heightened susceptibility due to their smaller body size and immature immune systems
(Wang et al., 2023). Nevertheless, epidemiological associations with mixed air pollution do not
establish the contribution of an individual PAH to specific clinical AR phenotypes.

BaP, BaA, and DBA are environmentally relevant high-molecular-weight PAHs with distinct
fused-ring structures. BaP, a classical PAH comprising five fused benzene rings, has been reported
to possess carcinogenic and mutagenic properties. It was reported that BaP exposure was associated
with nasal mucosal damage and respiratory irritation in an experimental model (Liu et al., 2024).
Early investigations revealed that short-term intranasal BaP administration in guinea pig models of
AR did not exacerbate rhinitis symptoms; however, prolonged treatment (22 weeks) was associated
with aggravated nasal obstruction in an AR model (Mizutani et al., 2007). In vitro studies reported
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that BaP enhanced basophil activation and stimulated IL-4 secretion in pollen-allergic subjects
independently of allergen exposure (Lubitz et al., 2010). Additional in vivo studies have also
associated BaP exposure with elevated mucus secretion and nasal tissue remodeling (Liu et al.,
2024). These observations support investigating potential molecular links between BaP exposure
and AR. However, they do not validate the specific target relationships predicted in the present
analysis. The BaP-associated network prioritized CCL2, CCL5, CXCL8, CXCL12, and CXCR4.
Chemokines and their receptors are relevant to clinically meaningful AR features because they
coordinate inflammatory-cell trafficking, immune-cell recruitment, and epithelial-barrier responses
(Li et al., 2022). In particular, CXCR4 has been implicated in mediating epithelial autophagy and
compromising nasal epithelial barrier integrity via the CXCR4/miR-125b/FoxP3 pathway (Zheng
et al., 2020). Thus, the predicted hub set offers a plausible molecular bridge to nasal inflammatory-
cell infiltration and barrier dysfunction.

For BaA and DBA, existing case-control studies have reported an association between exposure
to these compounds and the incidence of asthma (Al-Daghri et al., 2013; Jung et al., 2014); however,
their potential association with AR remains unexplored. The analyses prioritized ABCB1 and
several CYP enzymes and highlighted xenobiotic metabolism, arachidonic-acid metabolism,
steroid metabolism, and cytochrome P450 epoxygenase pathways. In addition to xenobiotic and
drug metabolism, CYP-associated networks participate in the processing of endogenous lipids and
steroid hormones that can influence inflammatory signaling (Guengerich et al., 2016). The resulting
hypothesis is therefore broader than drug disposition alone: BaA- or DBA-associated metabolic
perturbation could theoretically alter endogenous inflammatory-mediator balance. Loratadine, for
example, undergoes CYP3A4-mediated metabolism (Wang et al., 2025; Yumibe et al., 1996; Zhang
et al., 2026), making altered drug handling a clinical possibility. Moreover, studies suggest that
CYP1A2 may be involved in the metabolism of montelukast—a leukotriene receptor antagonist
used in ARmanagement—and that altered CYP1A2 activity could modulate its metabolic clearance
(Filppula et al., 2011). CYP1A2 and CYP3A4, which were prioritized by the present analysis, have
been reported to be involved in the metabolism of certain anti-allergy medications. Whether BaA
or DBA binding could alter the catalytic activity of these enzymes and thereby affect drug
disposition remains a testable hypothesis.

This study has several limitations. First, all findings are derived from computational predictions
and depend on database completeness, target-prediction algorithms, enrichment backgrounds,
network thresholds, available protein structures, and docking assumptions. Second, docking scores
do not establish direct binding, target activation or inhibition, tissue exposure, or causal biological
effects. Third, no clinical samples, nasal-mucosal measurements, exposure–response data, cell
experiments, animal models, CYP activity assays, or pharmacokinetic analyses were included.
Fourth, the analysis did not account for PAH mixtures, metabolites, exposure dose and route,
temporal patterns, or interindividual variability. Accordingly, the proposed pathways should be
viewed as hypothesis-generating and require independent experimental and clinical validation.

In summary, the integrated computational analysis generated a dual-pathway hypothesis: BaP-
associated targets were preferentially linked to chemokine-related networks, whereas BaA- and
DBA-associated targets were preferentially linked to metabolic-enzyme networks. This framework
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may help prioritize biomarkers and experimental questions. Importantly, these findings represent
computational hypotheses and candidate targets that warrant experimental validation.

5. Conclusion

Using computational toxicology, multi-algorithm network analysis, functional enrichment, and
molecular docking, this study identified distinct predicted target patterns for three high-molecular-
weight PAHs in relation to AR. BaP-associated targets were enriched in chemokine-related
pathways and included CCL2, CCL5, CXCL8, CXCL12, and CXCR4, whereas targets associated
with BaA and DBA​ were enriched in metabolic pathways and included CYP1A2, CYP3A4, and
other metabolic proteins. These findings provide in silico hypotheses concerning inflammatory-cell
recruitment, epithelial-barrier regulation, endogenous mediator metabolism, and possible drug-
disposition effects.
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Abstract

To explore the clinical value and potential risk of Qiliqiangxin Capsule, we designed a systematic
review and meta-analysis on randomized controlled trials (RCTs), targeting patients diagnosed with
both chronic heart failure and coronary artery disease. Our search included eight commonly used
databases, focusing on studies that assessed the effectiveness of Qiliqiangxin Capsule and
guideline-directed medical therapy for patients whose condition was chronic heart failure
complicated by coronary artery disease. We conducted the meta-analysis employing the meta and
metafor packages running under R 4.5.3, whereas the risk of bias was assessed using the Cochrane
Risk of Bias 2 (RoB 2) tool. After systematic screening procedure, we included 17 studies,
involving 2000 eligible patients. The results showed that Qiliqiangxin Capsule combination
treatment reduced the occurrences of the primary outcome [RR=0.38,95%CI (0.23,0.63)], left
ventricular ejection fraction (LVEF) [MD=5.39,95%CI (4.62,6.16)], left ventricular end-diastolic
diameter (LVEDD) [MD=-4.86,95% CI(-6.20,-3.51)], N-terminal B-type natriuretic peptide
precursor (NT-proBNP) levels [SMD = -0.82, 95% CI (-0.97, -0.67)], the 6-minute walk test
distance (6MWD) [MD=39.05,95%CI(19.90,58.20)], and the clinical efficacy [RR = 1.20, 95% CI
(1.14, 1.25)] were also significantly improved. As for the safety evaluation, the incidence of adverse
events was not found to differ meaningfully [RR = 0.95, 95% CI (0.60, 1.50) ]. The combination
of Qiliqiangxin Capsule and guideline-directed medical therapy can safely and effectively improve
the heart failure rehospitalization and all-cause mortality in patients with chronic heart failure
complicated by coronary artery disease, improve cardiac performance, increase physical capacity.
However, further large sample trials are required to confirm the results.
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1. Introduction

Heart failure (HF) (McDonagh et al., 2021) is widely recognized as a complex, end-stage
cardiovascular syndrome. Recent epidemiological data indicates approximately 60 million people
worldwide live with HF, with a rapidly increasing prevalence driven by population aging and
improved survival following acute cardiovascular events (Bozkurt et al., 2025). Among the diverse
etiologies of HF, coronary artery disease (CAD) ranks as the most frequent cause, being responsible
for over half of all HF cases in many regions (Chinese Society of Cardiology et al., 2024). The
coexistence of HF and CAD creates a synergistic pathophysiological burden, significantly
exacerbating clinical symptoms and increasing a greater all-cause mortality risk than either condition
alone (Yan et al., 2020).

In modern clinical management, the pharmacological approach to chronic heart failure (CHF) is
anchored in guideline-directed medical therapy (GDMT), often referred to as the foundational
quadruple therapy (McDonagh et al., 2023), while concomitant CAD is primarily managed with
antiplatelet agents and lipid-lowering medications (McDonagh et al., 2021). Although these
conventional therapies have demonstrated substantial efficacy in reducing mortality and improving
cardiac function parameters, they exhibit notable limitations. Significant numbers of patients still
have residual risks, recurrent hospitalizations, and inadequate improvements in long-term quality of
life (Fiuzat et al., 2020).

Traditional ChineseMedicine (TCM) has garnered growing recognition for its unique, multi-target
therapeutic profile in the management of cardiovascular diseases. Qiliqiangxin capsule, a well-
established TCM formulation and formulated with 11 medicinal botanicals, has been included in
national HF guidelines in China and has demonstrated promising cardioprotective effects, including
reducing myocardial fibrosis and modulating neurohormonal activation (Cheang et al., 2024).

In the last decade, a large number of small-sample randomized controlled studies (RCTs) have
been carried out, aimed to assessing the therapeutic benefits and safety of Qiliqiangxin capsule for
CHF complicated by CAD. Preliminary evidence suggested that Qiliqiangxin Capsule, when added
to conventional pharmacotherapy, may improve LVEF, reduced NT-proBNP levels, enhance
physical capacity (e.g., 6-minute walk distance), and potentially lower rehospitalization rates.
Notably, the recent landmark QUEST trial (Qiliqiangxin in Heart Failure: Assessment of Reduction
in Mortality) provided robust evidence that Qiliqiangxin Capsule significantly reduced the composite
risk of cardiovascular death and HF hospitalization in patients with reduced ejection fraction (Cheang
et al., 2024). Despite these encouraging findings, comprehensive and rigorous systematic evaluations
specifically targeting the subpopulation of CHF patients with concomitant CAD remain scarce. To
address this critical lack of evidence, we performed a meta-analysis of trials examining Qiliqiangxin
Capsule in patients with CHF complicated by CAD, comprehensively and systematically evaluating
its efficacy and safety.
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2. Materials and Methods

We designed and executed this systematic review under Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) 2020 statement (Page et al., 2021). Prospective registration
in PROSPERO (ID number: 420251236471) and the completed PRISMA checklist is available in the
Supplementary Materials (Table S1).

2.1. Eligibility Criteria

Studies were deemed eligible for inclusion if they satisfied all of the following conditions: (i) Adult
patients with definite CHF and coexisting CAD, and whose HF symptom severity ranged from New
York Heart Association (NYHA) class II to IV, irrespective of on age, sex, geographic region, or
disease duration. (ii) Qiliqiangxin Capsule (4 capsules [1.2 g] per dose, three times daily)
administered in combination with standard treatment for at least 12 weeks. (iii) Standard treatment
alone or with placebo. Standard treatment included lipid-lowering therapy, vasodilators, antiplatelet
agents, angiotensin-converting enzyme inhibitors (ACEI)/angiotensin receptor blockers
(ARB)/angiotensin receptor-neprilysin inhibitors (ARNI), beta-blockers, mineralocorticoid receptor
antagonists (MRA), and sodium-glucose cotransporter-2 inhibitors (SGLT2i). (iv) Reporting
outcomes of interest.The primary outcome was the composite of HF rehospitalization or all-cause
mortality. Secondary outcomes included left ventricular ejection fraction (LVEF), left ventricular
end-diastolic dimension (LVEDD), N-terminal pro-B-type natriuretic peptide (NT-proBNP), 6-
minute walk test distance (6MWD), clinical response rate (defined as improvement in NYHA
functional class by ≥2 levels or achievement of class I as effective; no change or deterioration in
NYHA functional class as ineffective), (Haijing and Zhigang, 2022) and the incidence of adverse
events. (v) RCTs were eligible, irrespective of language (Chinese or English). Studies metting
the following criteria have been excluded: (i) obviously erroneous information, duplicate publication;
(ii) lack of recognized diagnostic criteria and established guidelines, rendering definitive diagnosis of
CHF or CAD uncertain; (iii) concomitant use of other traditional Chinese medicine preparations in
addition to the specified proprietary Chinese medicine during the treatment period; or (iv) .treatment
duration <12 weeks.

2.2. Search Strategy

An extensive search was carried out in China (CNKI, VIP, Wanfang, and SinoMed) and English
(PubMed,Web of Science, Embase, and Cochrane Library) databases, for all records published up to
November 30, 2025. The search terms included heart failure, coronary disease, qiliqiangxin, and RCT.
Table S2 contains a full account of the search strategies.

2.3. Literature Selection and Data Extraction

Reference management was facilitated by EndNote 21, and duplicate citations were excluded
before screening. Two reviewers (W.K.J., X.J.H.) independently conducted a three-phase screening
and data extraction process: (i) preliminary screening the title and abstract to eliminate duplicates and
studies irrelevant to the research topic; (ii) full-text review of candidate studies using eligibility
criteria; and (iii) standardized data extraction with independent cross-verification between reviewers.
The extracted data elements included the first author's name, year, baseline patient characteristics
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(sample size, sex distribution, mean age), intervention and comparison details, outcomes and
randomization method. Disagreements were resolved by discussion or third-reviewer adjudication.

2.4. Risk of Bias Assessment

Methodological quality was evaluated in the Cochrane RoB 2 tool (Sterne et al., 2019). Each
domain was rated as low risk, some concerns, or high risk. Disagreements were resolved by
discussion or third-reviewer adjudication.

2.5. Statistical Analysis

Meta-analyses were performed using R software (version 4.5.3). Given the anticipated clinical and
methodological heterogeneity, random-effects models with 95% confidence intervals estimated using
the Hartung–Knapp–Sidik–Jonkman method were employed for all pooled estimates. Treatment
effects on dichotomous outcomes were expressed as relative risk (RR). Mean difference (MD) and
standardized mean difference (SMD) for continuous outcomes.Two-sided P < 0.05 was significant.
Heterogeneity was quantified using Cochran's Q and I² (τ² for variance), with I² > 50% and Q P <
0.10 defining significance.Subgroup analyses found heterogeneity sources. Sensitivity used leave-
one-out and fixed-effect replacement. Publication bias was evaluated via funnel plots and Egger's test.
A two-sided p<0.05 on Egger's test, in conjunction with significant funnel plot asymmetry, was
considered indicative of potential publication bias. Trim-and-fill was applied when bias was detected
(Duval and Tweedie, 2000).

3. Results

3.1. Literature Search and Study Selection

The search output 615 records, 304 duplicates were removed. The remaining 311 were screened
by title and abstract, with 205 excluded as irrelevant. Full-text review of 106 articles against eligibility
criteria yielded 17 included studies. Figure 1 provides the PRISMA 2020 flow chart.

3.2. Characteristics of Included Studies

Seventeen RCTs with 2000 participants were included, equally divided between Qiliqiangxin
Capsule (n = 1,000) and standard therapy (n = 1,000) (Boying et al., 2022; Changqing et al., 2021;
Danmei and Zhengjian, 2017; Hua, 2017; Jiang, 2019; Jiaqi et al., 2025; Jinhua, 2019; Jinyu et al.,
2020; Meijuan et al., 2024; Ronglai, 2020; Shige et al., 2024; Shisheng et al., 2020;Wang and Zhang,
2024; Xiling, 2020; Xinhua et al., 2014; Yaoqi et al., 2020; Yuxian et al., 2021) . The trials enrolled a
minimum of 60 and a maximum of 236 participants, and treatment duration varied between 12 weeks
and 6 months. Of the 17 studies, only one study employed placebo control (Changqing et al., 2021).
All eligible studies reported comparable baseline characteristics between groups. Table 1 contains the
baseline characteristics of the included studies.
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Guo SS 2020 34/34 21/13 20/14 72.19 ± 4.53 71.84 ± 4.35 Random number table

Yang RL 2020 39/39 15/24 16/23 64.1 ± 12.2 63.6 ± 11.2 Random allocation

Zhao XL 2020 85/85 45/40 43/42 72.6 ± 2.3 73.5 ± 2.8 Random allocation

Chen YX 2021 116/116 63/53 61/55 58.35 ± 6.62 57.26 ± 7.05 Random number table

Xia CQ 2021 47/47 36/11 34/13 69.03 ± 6.84 68.12 ± 6.91 Random number table

Qin BY 2022 43/43 23/20 25/18 64.61 ± 4.68 64.58 ± 4.69 Randomized envelope

Li SG 2024 40/40 21/19 24/16 63.83 ± 6.14 62.97 ± 5.68 Random allocation

Qi MJ 2024 37/37 31/6 28/9 60.46 ± 8.45 61.65 ± 9.99 Random number table

Wang LJ 2024 79/79 38/41 39/40 59.48 ± 9.77 59.42 ± 9.72 Simple randomization

Huo JQ 2025 118/118 74/44 77/41 63.88 ± 7.69 63.57 ± 7.17 Simple randomization

Note: T, treatment group (Qiliqiangxin Capsule); C, control group; QLQX, Qiliqiangxin Capsule. ① Primary
composite outcome (heart failure rehospitalization or all-cause mortality);② LVEF;③ LVEDD;④ NT-proBNP;
⑤ 6MWD;⑥ clinical response rate;⑦ incidence of adverse events.

Table 1. Baseline characteristics of included studies (cont.)

Study
Intervention Treatment

duration
Outcome

T C

Chen XH
2014

Standard therapy + QLQX Standard therapy 6 months ①②③④

Yao DM
2017

Standard therapy + QLQX Standard therapy 3 months ④

Wang H
2017

Standard therapy + QLQX Standard therapy 6 months ②③④⑥

Yu J 2019 Standard therapy (bisoprolol
fumarate) + QLQX

Standard therapy
(bisoprolol fumarate)

3 months ②③⑦

Guo JH
2019

Standard therapy (trimetazidine) +
QLQX

Standard therapy
(trimetazidine)

3 months ②③⑤⑥

Chen YQ
2020

Standard therapy + QLQX Standard therapy 6 months ②③④⑤

⑥

Song JY
2020

Standard therapy (milrinone) +
QLQX

Standard therapy
(milrinone)

3 months ②③④⑤

⑥

Guo SS
2020

Standard therapy (trimetazidine) +
QLQX

Standard therapy
(trimetazidine)

12 weeks ⑥

Yang RL
2020

Standard therapy + QLQX Standard therapy 3 months ①②③⑥

Zhao XL
2020

Standard therapy (trimetazidine) +
QLQX

Standard therapy
(trimetazidine)

3 months ⑥
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Chen YX
2021

Standard therapy + QLQX Standard therapy 3 months ②③⑥

Xia CQ
2021

Standard therapy + QLQX Standard therapy + placebo 12 weeks ②③④⑤

⑥⑦

Qin BY
2022

Standard therapy (trimetazidine) +
QLQX

Standard therapy
(trimetazidine)

12 weeks ②③④⑤

⑦

Li SG
2024

Standard therapy
(sacubitril/valsartan) + QLQX

Standard therapy
(sacubitril/valsartan)

3 months ②⑥⑦

Qi MJ
2024

Standard therapy (dapagliflozin) +
QLQX

Standard therapy
(dapagliflozin)

3 months ⑥

Wang LJ
2024

Standard therapy (trimetazidine) +
QLQX

Standard therapy
(trimetazidine)

6 months ②③④⑤

⑥⑦

Huo JQ
2025

Standard therapy
(sacubitril/valsartan) + QLQX

Standard therapy
(sacubitril/valsartan)

12 weeks ②③④⑤

⑥

Note: T, treatment group (Qiliqiangxin Capsule); C, control group; QLQX, Qiliqiangxin Capsule. ① Primary
composite outcome (heart failure rehospitalization or all-cause mortality);② LVEF;③ LVEDD;④ NT-proBNP;
⑤ 6MWD;⑥ clinical response rate;⑦ incidence of adverse events.

3.3. Methodological Quality Assessment

Each of the 17 studies were published as journal articles (Boying et al., 2022; Changqing et al.,
2021; Danmei and Zhengjian, 2017; Hua, 2017; Jiang, 2019; Jiaqi et al., 2025; Jinhua, 2019; Jinyu et
al., 2020; Meijuan et al., 2024; Ronglai, 2020; Shige et al., 2024; Shisheng et al., 2020; Wang and
Zhang, 2024; Xiling, 2020; Xinhua et al., 2014; Yaoqi et al., 2020; Yuxian et al., 2021). For the
randomization process, three studies (Jiaqi et al., 2025; Jinyu et al., 2020; Wang and Zhang, 2024)
employed simple randomization, one (Boying et al., 2022) used a sealed envelope method, seven
studies (Changqing et al., 2021; Jiang, 2019; Jinhua, 2019;Meijuan et al., 2024; Shisheng et al., 2020;
Yaoqi et al., 2020; Yuxian et al., 2021) utilized a random number table to generate the allocation
sequence, and all of these trials were rated at low risk; six studies merely stated that randomization
was performed without specifying the method and were judged as some concerns (Danmei and
Zhengjian, 2017; Hua, 2017; Ronglai, 2020; Shige et al., 2024; Xiling, 2020; Xinhua et al., 2014).
Baseline characteristics were generally comparable across all included studies. Regarding deviations
from intended interventions, one placebo-controlled trial was assessed as low risk (Changqing et al.,
2021); the other 16 trials (non-placebo, unblinded) were high risk. For missing outcome data, no
patient attrition or data loss occurred in any study, and they were classified as low risk. For
measurement of the outcome, two studies (Ronglai, 2020; Xinhua et al., 2014) incorporated
subjective endpoints without explicit assessor blinding and were classified as some concerns; the
remaining studies employed objective outcome measurement criteria and were judged as low risk.
For selection of the reported result, none of the reports referred to a prespecified protocol, and all
were rated as some concerns. Figures S1 and S2 present the detailed outcomes of the bias assessment
results.
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3.4. Meta-Analysis Results

3.4.1. Primary Outcome

Two studies (Ronglai, 2020; Xinhua et al., 2014) reported the primary composite endpoint (HF
rehospitalization or all-cause death), with 138 patients included (69 allocated to the Qiliqiangxin
capsule arm and 69 to the control group). The pooled risk ratio was 0.38 (95% CI: 0.23–0.63),
suggesting a significantly meaningful reduction in the Qiliqiangxin capsule arm (Figure 2).
Heterogeneity was absent (I² = 0.0%, p = 0.4418). Sensitivity analysis using a fixed-effect model
showed that the effect estimates remained consistent in direction.

Figure 2. Forest Plot of the Primary outcome

3.4.2. LVEF

A total of 13 studies (Boying et al., 2022; Changqing et al., 2021; Hua, 2017; Jiang, 2019; Jiaqi et
al., 2025; Jinhua, 2019; Jinyu et al., 2020; Ronglai, 2020; Shige et al., 2024; Wang and Zhang, 2024;
Xinhua et al., 2014; Yaoqi et al., 2020; Yuxian et al., 2021) reported LVEF, comprising 1602 patients
(801 allocated to the Qiliqiangxin capsule arm and 801 to the control arm). The pooled mean
difference was 5.82 (95%CI: 4.68–6.96), indicating that Qiliqiangxin capsule significantly improved
LVEF compared with control. Notable heterogeneity was observed across the studies, with an I² of
68.1% and p of 0.0002 (Figure 3A). A subgroup analysis was conducted by duration of treatment (≤3
months versus >3 months) to investigate the possible sources of heterogeneity (Figure S3). In the
short-duration subgroup (≤3 months), heterogeneity remained substantial (I² = 77.4%, p <0.0001). In
the long-duration subgroup (>3 months), heterogeneity was absent (I² = 0.0%, τ² = 0, p = 0.62).
Treatment duration alone does not fully explain the observed between-study variability. Leave-one-
out sensitivity analysis showed that effect estimates remained directionally consistent across all
iterations; however, the removal of one study (Ronglai,2020) markedly reduced heterogeneity (I² =
36.2%, p =0.1008), yielding an adjusted pooled estimate of MD =5.39 (95% CI: 4.62, 6.16,) (Figure
S4). Detailed inspection revealed that this study enrolled a population with a male-to-female ratio <1,
whereas all other studies reported ratios ≥1, suggesting that differential sex distribution may have
contributed to clinical heterogeneity. Attributable to the fact that women demonstrate higher stroke
volume at identical end-diastolic volume (Arata et al.,2023), with consequent sex-based differences
in ejection fraction. The funnel plot showed potentially asymmetric; however, Egger's test was not
statistically significant (t = 0.97, P = 0.3538), suggesting absence of small-study effects (Figure S5).

3.4.3. NT-proBNP
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A total of 9 studies (Boying et al., 2022; Changqing et al., 2021; Danmei and Zhengjian, 2017;
Hua, 2017; Jiaqi et al., 2025; Jinyu et al., 2020; Wang and Zhang, 2024; Xinhua et al., 2014; Yaoqi et
al., 2020) reported NT-proBNP, comprising 1114 patients (557 allocated to the Qiliqiangxin capsule
group and 557 to the control group). Due to unit heterogeneity, SMD was used. A pooled analysis
provided a SMD of -1.48 (95% CI: -2.40 to -0.55), indicating that Qiliqiangxin capsule significantly
reduced NT-proBNP levels compared with control. Heterogeneity was considerable (I² = 95.9%, p <
0.0001) (Figure 3B). Subgroup analyses were conducted by duration of treatment (≤3 months
versus >3 months) to investigate possible sources of heterogeneity (Figure S6). In the short-duration
subgroup (≤3 months), heterogeneity remained considerable (I² = 91.6%, p < 0.00001), and in the
long-duration subgroup (>3 months), heterogeneity remained considerable (I² = 97.9%, p = 0.37),
indicating that the duration of treatment does not represent a source of heterogeneity. Sensitivity
analyses demonstrated directional consistency of effect estimates. Detailed inspection identified one
study (Changqing et al., 2021) that substantially contributed to heterogeneity; this trial employed
western conventional therapy plus placebo in the control group, whereas all other studies used blank
control, representing a methodological design difference that may have introduced heterogeneity.
Furthermore, one study (Wang and Zhang, 2024) used trimetazidine in both arms, potentially
introducing clinical heterogeneity. Removal of these studies yielded a SMD of -0.82 (95% CI: -0.97
to -0.67) , and heterogeneity was reduced (I² = 9.4%, P = 0.3570) (Figure S7).

3.4.4. 6MWD

A total of 7 studies (Boying et al., 2022; Changqing et al., 2021; Jiaqi et al., 2025; Jinhua, 2019;
Jinyu et al., 2020; Wang and Zhang, 2024; Yaoqi et al., 2020) reported 6MWD, comprising 945
patients (472 allocated to the Qiliqiangxin capsule arm and 473 to the control arm). The pooled MD
was 39.05 meters (95% CI: 19.90 to 58.20), indicating that Qiliqiangxin capsule significantly
improved 6MWD compared with control. Notable heterogeneity was observed across the studies,
with an I² of 87.7% ( p < 0.0001) (Figure 3C). In order to investigate the potential sources, we
performed subgroup analyses that were stratified by NYHA class (II vs. III–IV) and duration of
treatment. These findings (Figure S8,9) suggest that neither treatment duration nor baseline heart
failure severity accounts for the observed clinical diversity. Variations in baseline patient age and
disease duration across studies may represent potential sources of clinical heterogeneity. Leave-one-
out approach and alternative statistical models demonstrated consistent directionality of effect
estimates.

3.4.5. LVEDD

A total of 12 studies (Boying et al., 2022; Changqing et al., 2021; Hua, 2017; Jiang, 2019; Jiaqi et
al., 2025; Jinhua, 2019; Jinyu et al., 2020; Ronglai, 2020;Wang and Zhang, 2024; Xinhua et al., 2014;
Yaoqi et al., 2020; Yuxian et al., 2021) reported LVEDD, comprising 1522 patients (761 allocated to
the Qiliqiangxin capsule arm and 761 to the control arm). The pooled MD was -4.93 (95% CI: -6.09
to -3.76) indicating that Qiliqiangxin capsule significantly reduced LVEDD compared with control.
Heterogeneity was considerable (I² = 80.5%, p <0.0001) (Figure 4A). To investigate potential sources,
we performed a subgroup analysis stratified by treatment duration (≤3 months versus >3 months)
(Figure S10).
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Figure 3. Forest Plot of LVEF , NT-pro BNP and 6MWD

In the short-duration subgroup (≤3 months), heterogeneity was negligible (I² = 0%, p = 0.438). In
the long-duration subgroup (>3 months), heterogeneity remained substantial (I² = 70.4%, p = 0.018).
Treatment duration alone does not fully explain the observed between-study variability. Sensitivity
analyses demonstrated directional consistency of effect estimates. Detailed inspection of the long-
duration subgroup identified one study (Yaoqi et al., 2020) enrolled a population in which 61 (59.8%)
of 102 with CHF and CAD patients who had received percutaneous coronary intervention (PCI). This
high prevalence of prior revascularizationmay have contributed to the observed clinical heterogeneity.
Furthermore, the concomitant use of trimetazidine in both the experimental and control groups of one
study (Wang and Zhang, 2024) may introduce clinical heterogeneity. Removal of these studies
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yielded a MD of -4.86 (95% CI: -6.20 to -3.51), and heterogeneity was reduced (Figure S11). The
funnel plot appeared potentially asymmetric; however, Egger's test was not statistically significant (t
= -0.60, p = 0.5598), suggesting absence of small-study effects (Figure S12).

3.4.6. Clinical Response Rate

Thirteen studies (Changqing et al., 2021; Hua, 2017; Jiaqi et al., 2025; Jinhua, 2019; Jinyu et al.,
2020; Meijuan et al., 2024; Ronglai, 2020; Shige et al., 2024; Shisheng et al., 2020;Wang and Zhang,
2024; Xiling, 2020; Yaoqi et al., 2020; Yuxian et al., 2021)reported clinical response rate, comprising
a total of 1686 patients (843 allocated to the experimental arm and 843 to the control arm). The pooled
risk ratio was 1.20 (95% CI:1.14,1.25) showed that the clinical response rate was significantly
improved, with low between-study heterogeneity (I² = 0%, p =0.5022 for heterogeneity) (Figure 4B).
Sensitivity analyses demonstrated directional consistency of effect estimates.

Figure 4. Forest Plot of LVEDD and Clinical Response Rate

3.5. Adverse Events

Eight studies (Boying et al., 2022; Changqing et al., 2021; Jiang, 2019; Jinhua, 2019; Jinyu et
al., 2020; Shige et al., 2024;Wang and Zhang, 2024; Xiling, 2020) reported adverse events, of which
three (Jinhua, 2019; Jinyu et al., 2020; Xiling, 2020) indicated no notable adverse events in either
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group, and five (Boying et al., 2022; Changqing et al., 2021; Jiang, 2019; Shige et al., 2024; Wang
and Zhang, 2024) provided detailed reports of specific adverse events. The control group reported 38
adverse events, the most common being headache and dizziness (n=10) and gastrointestinal
dysfunction (n=9). In the experimental group, 34 adverse events were documented, among which
dizziness and headache (n=9) and gastrointestinal discomfort (n=6) were the most common. Detailed
information on adverse events is provided in Table S3. The pooled risk ratio was 0.95 (95% CI: 0.60
- 1.50), with between-study heterogeneity (I²=13.6%, p=0.3275 for heterogeneity) (Figure 5),
showing that adverse event rates did not differ significantly between groups. Sensitivity analyses
employing a fixed-effect model and a leave-one-out approach demonstrated consistent directionality
of effect estimates.

Figure 5. Forest Plot of Adverse Events

4. Discussion

The present meta-analysis for the first time found that Qiliqiangxin capsules combinedwithGDMT
significantly reduced the composite outcome of HF rehospitalization or all-cause mortality in CHF
patients complicated by CAD. In addition, Qiliqiangxin capsules also favorably modified markers of
cardiac remodeling and ventricular function. These benefits were observed alongside a favorable
safety profile, with no significant increase in adverse events. Collectively, these findings support the
therapeutic relevance of Qiliqiangxin capsules in CHF with CAD, and highlight the need for further
high-quality trials to refine patient selection and optimize integration with contemporary
cardiovascular therapeutics.

CHF and CAD are characterized by a complex bidirectional interplay, wherein both conditions are
tightly linked through shared pathophysiological mechanisms including myocardial ischemic injury,
ventricular remodeling, neurohormonal activation, inflammatory response, oxidative stress,
microcirculatory dysfunction, and metabolic remodeling.

CAD represents the most common etiology of heart failure. Atherosclerotic coronary stenosis or
occlusion induces sustained myocardial hypoxia, precipitating myocardial infarction (MI). Necrotic
myocardium is subsequently replaced by fibrotic scar tissue, causing pathological structure and
function cardiac changes and ventricular remodeling (Jiang et al., 2023), thereby exacerbating heart
failure. Heart failure induces hemodynamic derangement, reducing coronary perfusion pressure.
Concurrently, sympathetic nervous system (SNS) activation increases oxygen demand, the supply–
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demand mismatch exacerbates myocardial ischemia (Heusch, 2022). Simultaneously, myocardial
injury triggers pathological overactivation of the renin-angiotensin-aldosterone system (RAAS) and
the SNS (Jia et al., 2018), resulting in myocardial fibrosis, cytotoxic injury, and progressive
ventricular remodeling that drives further deterioration of heart failure. This aberrant RAAS and SNS
activation also increases myocardial oxygen consumption, promotes vasoconstriction, intensifies
myocardial ischemia, and fosters a prothrombotic milieu. Furthermore, myocardial ischemia and
hypoxia induce mitochondrial metabolic remodeling (Zhou and Tian, 2018), engendering oxidative
stress, activating downstream signaling pathways, and triggering cytokine release, leading to
cardiomyocyte apoptosis or necrosis and heart failure. Concurrently, oxidative activation and
inflammatory response impair endothelial integrity, promoting plaque instability and aggravating
vascular stenosis (Libby, 2002). Additionally, CAD induces coronary microcirculatory dysfunction
(Vrints et al., 2024), precipitating sustained subclinical myocardial ischemia and culminating in heart
failure with preserved or reduced ejection fraction (HFpEF/HFrEF). Insufficient myocardial
perfusion exacerbates myocardial ischemia, stenosis, and plaque instability. Thus, CHF and CAD
constitute a vicious cycle of mutually reinforcing pathologies, wherein each condition serves as both
cause and consequence, significantly increasing the risks of recurrent hospitalization and all-cause
mortality (Yan et al., 2020). Thus a novel strategy targeting this patient population is needed.

Qiliqiangxin capsules, a standardized commercial formulation comprising 11 herbal ingredients,
has demonstrated multiple cardioprotective effects across diverse experimental and clinical settings.
Mass spectrometry analysis has identified up to 173 potentially active compounds in Qiliqiangxin
capsules, including astragaloside IV, tanshinone IIA, ginsenosides (Rb1, Rg1, and Re),
periplocymarin, and alisol A (Packer, 2023). Astragaloside IV attenuates cardiomyocyte apoptosis
(Jia et al., 2014) and enhances glucose uptake (Zhu et al., 2016); ginsenosides inhibit the pressure-
overload heart failure (Yang et al., 2018), and reduce oxidative stress and proinflammatory
signaling(Qin et al.,2019); tanshinone IIA ameliorates myocardial ischemia–reperfusion injury (Li et
al., 2016). These experimental findings converge with the conceptual framework proposed by Packer,
who posited that Qiliqiangxin capsules probably directly bind to RXRα, augmenting glucose and fatty
acid oxidation, promoting mitochondrial health and mitophagy, and attenuating proinflammatory and
profibrotic signaling. Collectively, thesemechanismsmay be the basis for the efficacy ofQiliqiangxin
capsules in CHF complicated by CAD.

This study designated the composite hard outcome was identified as the primary outcome of HF
rehospitalization or all-cause mortality, focusing on the interventional effect of Qiliqiangxin Capsule
in CHF complicated by CAD. Compared with similar studies predominantly employing clinical
response rate, heart failure biomarkers, and cardiac function-related indicators (Yahui et al., 2020;
Yan et al., 2021), this approach more directly reflects patient survival status and confers stronger
clinical guidance significance. Among them, LVEF, LVEDD, and NT-proBNP are indicative of
cardiac function, whereas 6MWD and clinical response rate demonstrate patient exercise tolerance
and quality of life. Furthermore, this study identified and elucidated sources of heterogeneity through
subgroup analyses and leave-one-out sensitivity analyses. Additionally, publication bias for LVEF
and LVEDD was evaluated by means of the funnel plot and Egger's linear regression test.
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However, there are some limitations to this research. First, we found that the RCTs that we screened
were all Chinese, which may compromise the generalizability of our results globally. Second, the
primary outcome was reported in only two studies (Ronglai, 2020; Xinhua et al., 2014)
compromising statistical credibility; furthermore, as the primary outcome encompassed merely two
studies, Egger's linear regression test was underpowered and was therefore not performed for this
outcome. Third, the methodological quality of the included RCTs was modest; several studies lacked
explicit randomization protocols and blinding design, with only one RCT employing placebo control
while the remainder utilized blank control. The risk of bias assessment yielded predominantly "high
risk" judgments; this limitation may inflate the risk of bias. Fourth, for the 6MWD indicator, neither
subgroup analyses stratified by treatment duration or heart failure severity classification nor leave-
one-out approaches materially attenuated heterogeneity; this persistent heterogeneity may be
attributable to multifactorial influences including patient age, sex, and disease duration. In response
to these limitations, future large-scale, multicenter, high-quality RCTs conducted across multiple
countries are warranted to confirm the superiority of these findings. Moreover, the therapeutic
efficacy of Qiliqiingxin Capsule specifically regarding heart failure rehospitalization and all-cause
mortality needs to be further validated by additional large-scale RCTs. With respect to study design,
rigorous implementation of randomization protocols and blinding procedures should be emphasized
to further corroborate these results.

5. Conclusion

Qiliqiangxin Capsule combined with guideline-directed medical therapy in patients with CHF
complicated by CAD demonstrated superior efficacy compared with guideline-directed medical
therapy alone in reducing the composite endpoint of HF rehospitalization or all-cause mortality,
improving left ventricular ejection fraction, decreasing left ventricular end-diastolic dimension,
reducing NT-proBNP levels, increasing 6-minute walk distance, and enhancing clinical response rate,
without concomitant increase in adverse risk. Future large-scale, multicenter, randomized, double-
blind, placebo-controlled clinical trials are needed to further confirm the reliability of these findings.
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Table S1. PRISMA_2020_checklist

Section and
Topic

Item
# Checklist item Location where

item is reported
TITLE
Title 1 Identify the report as a systematic review. Title

ABSTRACT
Abstract 2 See the PRISMA 2020 for Abstracts checklist. Abstract

INTRODUCTION
Rationale 3 Describe the rationale for the review in the context of

existing knowledge.
Introduction

Objectives 4 Provide an explicit statement of the objective(s) or
question(s) the review addresses.

Introduction

METHODS
Eligibility
criteria

5 Specify the inclusion and exclusion criteria for the
review and how studies were grouped for the
syntheses.

Section 2.1

Information
sources

6 Specify all databases, registers, websites,
organisations, reference lists and other sources
searched or consulted to identify studies. Specify the
date when each source was last searched or
consulted.

Section 2.2
Search Strategy

Search strategy 7 Present the full search strategies for all databases,
registers and websites, including any filters and
limits used.

Table S2.

Selection
process

8 Specify the methods used to decide whether a study
met the inclusion criteria of the review, including
how many reviewers screened each record and each
report retrieved, whether they worked independently,
and if applicable, details of automation tools used in
the process.

Section 2.3

Data collection
process

9 Specify the methods used to collect data from
reports, including how many reviewers collected data
from each report, whether they worked
independently, any processes for obtaining or
confirming data from study investigators, and if
applicable, details of automation tools used in the
process.

Section 2.3

Data items 10a List and define all outcomes for which data were
sought. Specify whether all results that were
compatible with each outcome domain in each study
were sought (e.g. for all measures, time points,
analyses), and if not, the methods used to decide
which results to collect.

Section 2.1.(iv)
Outcome

10b List and define all other variables for which data
were sought (e.g. participant and intervention
characteristics, funding sources). Describe any
assumptions made about any missing or unclear
information.

Table 1.

Study risk of
bias assessment

11 Specify the methods used to assess risk of bias in the
included studies, including details of the tool(s) used,

Section 2.4



Advances in World Medical Research, 2026, 2(3), 49-77
https://doi.org/10.71204/y50qbv78

68

Section and
Topic

Item
# Checklist item Location where

item is reported
how many reviewers assessed each study and
whether they worked independently, and if
applicable, details of automation tools used in the
process.

Effect measures 12 Specify for each outcome the effect measure(s) (e.g.
risk ratio, mean difference) used in the synthesis or
presentation of results.

Section 2.5

Synthesis
methods

13a Describe the processes used to decide which studies
were eligible for each synthesis (e.g. tabulating the
study intervention characteristics and comparing
against the planned groups for each synthesis (item
#5)).

Section 2.5

13b Describe any methods required to prepare the data
for presentation or synthesis, such as handling of
missing summary statistics, or data conversions.

Section 2.5

13c Describe any methods used to tabulate or visually
display results of individual studies and syntheses.

Section 3.4

13d Describe any methods used to synthesize results and
provide a rationale for the choice(s). If meta-analysis
was performed, describe the model(s), method(s) to
identify the presence and extent of statistical
heterogeneity, and software package(s) used.

Section 2.5

13e Describe any methods used to explore possible
causes of heterogeneity among study results (e.g.
subgroup analysis, meta-regression).

Section 2.5

13f Describe any sensitivity analyses conducted to assess
robustness of the synthesized results.

Section 2.5

Reporting bias
assessment

14 Describe any methods used to assess risk of bias due
to missing results in a synthesis (arising from
reporting biases).

Section 2.5

Certainty
assessment

15 Describe any methods used to assess certainty (or
confidence) in the body of evidence for an outcome.

Section 3.3

RESULTS
Study selection 16a Describe the results of the search and selection

process, from the number of records identified in the
search to the number of studies included in the
review, ideally using a flow diagram.

Figure 1.

16b Cite studies that might appear to meet the inclusion
criteria, but which were excluded, and explain why
they were excluded.

Figure 1.

Study
characteristics

17 Cite each included study and present its
characteristics.

Table 1.

Risk of bias in
studies

18 Present assessments of risk of bias for each included
study.

Figures 2 and 3.

Results of
individual
studies

19 For all outcomes, present, for each study: (a)
summary statistics for each group (where
appropriate) and (b) an effect estimate and its
precision (e.g. confidence/credible interval), ideally
using structured tables or plots.

Section 3.4

Results of
syntheses

20a For each synthesis, briefly summarise the
characteristics and risk of bias among contributing
studies.

Section 3.4
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Section and
Topic

Item
# Checklist item Location where

item is reported
20b Present results of all statistical syntheses conducted.

If meta-analysis was done, present for each the
summary estimate and its precision (e.g.
confidence/credible interval) and measures of
statistical heterogeneity. If comparing groups,
describe the direction of the effect.

Section 3.4

20c Present results of all investigations of possible causes
of heterogeneity among study results.

Section 3.4

20d Present results of all sensitivity analyses conducted
to assess the robustness of the synthesized results.

Section 3.4

Reporting biases 21 Present assessments of risk of bias due to missing
results (arising from reporting biases) for each
synthesis assessed.

Section 3.4

Certainty of
evidence

22 Present assessments of certainty (or confidence) in
the body of evidence for each outcome assessed.

DISCUSSION
Discussion 23a Provide a general interpretation of the results in the

context of other evidence.
Section 4

23b Discuss any limitations of the evidence included in
the review.

Section 4

23c Discuss any limitations of the review processes used. Section 4
23d Discuss implications of the results for practice,

policy, and future research.
Section 4

OTHER INFORMATION
Registration and
protocol

24a Provide registration information for the review,
including register name and registration number, or
state that the review was not registered.

Section 2

24b Indicate where the review protocol can be accessed,
or state that a protocol was not prepared.

Section 2

24c Describe and explain any amendments to information
provided at registration or in the protocol.

Section 2

Support 25 Describe sources of financial or non-financial
support for the review, and the role of the funders or
sponsors in the review.

Funding

Competing
interests

26 Declare any competing interests of review authors. Conflict of
Interest

Availability of
data, code and
other materials

27 Report which of the following are publicly available
and where they can be found: template data
collection forms; data extracted from included
studies; data used for all analyses; analytic code; any
other materials used in the review.



Advances in World Medical Research, 2026, 2(3), 49-77
https://doi.org/10.71204/y50qbv78

70

Table S2. Search Strategy

Database Search terms

CNKI （篇关摘：心衰 + 心力衰竭 + 心功能不全) AND （冠心病 + 冠状动脉粥样硬化

性心脏 + 缺血性心肌病 + 心肌梗死） AND (篇关摘：芪苈强心 + 芪苈强心胶囊)
AND (篇关摘：随机 + 对照 + 临床 + RCT)

(Title/Keywords/Abstract: "heart failure" + "cardiac failure" + "cardiac insufficiency")
AND ("coronary heart disease" + "coronary atherosclerotic heart disease" + "ischemic
cardiomyopathy" + "myocardial infarction") AND (Title/Keywords/Abstract:
"Qiliqiangxin" + "Qiliqiangxin Capsule") AND (Title/Keywords/Abstract: "randomized"
+ "controlled" + "clinical" + "RCT")

WanFang 题名或关键词:(心衰 OR 心力衰竭 OR 心功能不全) and 题名或关键词:(冠心病

OR 冠状动脉粥样硬化性心脏病 OR 缺血性心肌病 OR 心肌梗死) and 题名或关键

词:(芪苈强心) and 题名或关键词:(随机 OR 对照 OR 临床 OR RCT)

Title or Keywords: ("heart failure" OR "cardiac failure" OR "cardiac insufficiency") AND
Title or Keywords: ("coronary heart disease" OR "coronary atherosclerotic heart disease"
OR "ischemic cardiomyopathy" OR "myocardial infarction") AND Title or Keywords:
("Qiliqiangxin") AND Title or Keywords: ("randomized" OR "controlled" OR "clinical"
OR "RCT")

VIP (((((题名或关键词=心衰 OR 题名或关键词=心力衰竭) OR 题名或关键词=心功能不

全) AND (((题名或关键词=冠心病 OR 题名或关键词=冠状动脉粥样硬化性心脏)
OR 题名或关键词=缺血性心肌病) OR 题名或关键词=心肌梗死)) AND 题名或关键

词=芪苈强心) AND (((题名或关键词=随机 OR 题名或关键词=对照) OR 题名或关

键词=临床) OR 题名或关键词=RCT))

(((((Title or Keywords = "heart failure" OR Title or Keywords = "cardiac failure") OR Title
or Keywords = "cardiac insufficiency") AND (((Title or Keywords = "coronary heart
disease" OR Title or Keywords = "coronary atherosclerotic heart disease") OR Title or
Keywords = "ischemic cardiomyopathy") OR Title or Keywords = "myocardial infarction"))
AND Title or Keywords = "Qiliqiangxin") AND (((Title or Keywords = "randomized" OR
Title or Keywords = "controlled") OR Title or Keywords = "clinical") OR Title or
Keywords = "RCT"))

Sinomed ( "心衰"[摘要] OR "心力衰竭"[摘要] OR "心功能不全"[摘要]) AND( "冠心病"[摘要]
OR "冠状动脉粥样硬化性心脏病"[摘要] OR "缺血性心肌病"[摘要] OR "心肌梗死

"[摘要]) AND "芪苈强心"[摘要] AND( "随机"[摘要] OR "对照"[摘要] OR "临床"[摘
要] OR "RCT"[摘要])

("heart failure"[Abstract] OR "cardiac failure"[Abstract] OR "cardiac
insufficiency"[Abstract]) AND ("coronary heart disease"[Abstract] OR "coronary
atherosclerotic heart disease"[Abstract] OR "ischemic cardiomyopathy"[Abstract] OR
"myocardial infarction"[Abstract]) AND "Qiliqiangxin"[Abstract] AND
("randomized"[Abstract] OR "controlled"[Abstract] OR "clinical"[Abstract] OR
"RCT"[Abstract])

Pubmed (((((((((((((("Heart Failure"[Mesh]) OR (Cardiac Failure[Title/Abstract])) OR (Heart
Decompensation[Title/Abstract])) OR (Decompensation, Heart[Title/Abstract])) OR
(Congestive Heart Failure[Title/Abstract])) OR ( Heart Failure,
Congestive[Title/Abstract])) OR (Heart Failure, Right-Sided[Title/Abstract])) OR (Right-
Sided Heart Failure[Title/Abstract])) OR (Heart Failure, Left-Sided[Title/Abstract])) OR
(Left-Sided Heart Failure[Title/Abstract])) OR (Myocardial Failure[Title/Abstract])) OR
(HF[Title/Abstract])) AND ((("Coronary Disease"[Mesh]) OR (((((((((Coronary
Diseases[Title/Abstract]) OR (Disease, Coronary[Title/Abstract])) OR (Diseases,
Coronary[Title/Abstract])) OR (Coronary Heart Disease[Title/Abstract])) OR (Coronary
Heart Diseases[Title/Abstract])) OR (Disease, Coronary Heart[Title/Abstract])) OR
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(Diseases, Coronary Heart[Title/Abstract])) OR (Heart Disease,
Coronary[Title/Abstract])) OR (Heart Diseases, Coronary[Title/Abstract]))) OR
(("Myocardial Infarction"[Mesh]) OR ((((((((((((((Infarction, Myocardial[Title/Abstract])
OR (Infarctions, Myocardial[Title/Abstract])) OR (Myocardial
Infarctions[Title/Abstract])) OR (Heart Attack[Title/Abstract])) OR (Heart
Attacks[Title/Abstract])) OR (Myocardial Infarct[Title/Abstract])) OR (Infarct,
Myocardial[Title/Abstract])) OR (Infarcts, Myocardial[Title/Abstract])) OR (Myocardial
Infarcts[Title/Abstract])) OR (Cardiovascular Stroke[Title/Abstract])) OR (Cardiovascular
Strokes[Title/Abstract])) OR (Stroke, Cardiovascular[Title/Abstract])) OR (Strokes,
Cardiovascular[Title/Abstract])))))) AND (((("qiliqiangxin" [Supplementary Concept])
OR (QLQX[Title/Abstract])) OR (qiliqiangxin[Title/Abstract])) OR (qili
qiangxin[Title/Abstract]))) AND ((((("Randomized Controlled Trial" [Publication Type])
OR (randomized clinical trial[Title/Abstract])) OR (random[Title/Abstract])) OR
(RCT[Title/Abstract])))

WOS #1.TS=(Heart Failure OR Cardiac Failure OR Heart Decompensation OR
Decompensation, Heart OR Congestive Heart Failure OR Heart Failure, Congestive OR
Heart Failure, Right-Sided OR Right-Sided Heart Failure OR Heart Failure, Left-Sided
OR Left-Sided Heart Failure OR Myocardial Failure OR HF)

#2.TS=(Coronary Disease OR Disease, Coronary OR Diseases, Coronary OR Coronary
Heart Disease OR Coronary Heart Diseases OR Disease, Coronary Heart OR Diseases,
Coronary Heart OR Heart Disease, Coronary OR Heart Diseases, Coronary OR
Myocardial Infarction OR Infarction, Myocardial OR Infarctions, Myocardial OR
Myocardial Infarctions OR Heart Attack OR Heart Attacks OR Myocardial Infarct OR
Infarct, Myocardial OR Infarcts, Myocardial OR Myocardial Infarcts OR Cardiovascular
Stroke OR Cardiovascular Strokes OR Stroke, Cardiovascular OR Strokes,
Cardiovascular)

#3.((TS=(qiliqiangxin)) OR TS=(QLQX)) OR TS=(qili qiangxin)
#4.(((TS=(randomized controlled trial)) OR TS=(randomized clinical trial)) OR
TS=(random)) OR TS=(RCT)

#1 AND #2 AND #3 AND #4

Embase #1 'heart failure'/exp OR 'heart failure':ti,ab,kw OR 'backward failure, heart':ti,ab,kw OR
'cardiac backward failure':ti,ab,kw OR 'cardiac decompensation':ti,ab,kw OR 'cardiac
failure':ti,ab,kw OR 'cardiac incompetence':ti,ab,kw OR 'cardiac insufficiency':ti,ab,kw
OR 'cardiac stand still':ti,ab,kw OR 'cardial decompensation':ti,ab,kw OR 'cardial
insufficiency':ti,ab,kw OR 'chronic heart failure':ti,ab,kw OR 'chronic heart
insufficiency':ti,ab,kw OR 'decompensatio cordis':ti,ab,kw OR 'decompensation,
heart':ti,ab,kw OR 'heart backward failure':ti,ab,kw OR 'heart decompensation':ti,ab,kw
OR 'heart incompetence':ti,ab,kw OR 'heart insufficiency':ti,ab,kw OR 'insufficientia
cardis':ti,ab,kw OR 'myocardial failure':ti,ab,kw OR 'myocardial insufficiency':ti,ab,kw

#2 'ischemic heart disease'/exp OR 'coronary artery insufficiency':ti,ab,kw OR 'coronary
insufficiency':ti,ab,kw OR 'heart disease, ischaemic':ti,ab,kw OR 'heart disease,
ischemic':ti,ab,kw OR 'ischaemia heart disease':ti,ab,kw OR 'ischaemic cardiac
disease':ti,ab,kw OR 'ischaemic cardial disease':ti,ab,kw OR 'ischaemic
cardiopathy':ti,ab,kw OR 'ischaemic heart disease':ti,ab,kw OR 'schaemic heart
disease':ti,ab,kw OR 'ischemic cardiac disease':ti,ab,kw OR 'ischemic
cardiopathy':ti,ab,kw

#3 'qiliqiangxin'/exp OR 'qiliqiangxin capsule'/exp

#4 'randomized controlled trial'/exp OR 'randomized controlled trial':ti,ab,kw OR
'controlled trial, randomized':ti,ab,kw OR 'randomised controlled study':ti,ab,kw OR
'randomised controlled trial':ti,ab,kw OR 'randomized controlled study':ti,ab,kw OR 'trial,
randomized controlled':ti,ab,kw

#5 #1 AND #2 AND #3 AND #4
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Table S3. Detailed adverse events reported in five studies

Adverse Event Control Group (n) Experimental Group (n)

Sleep disorders / Somnolence 3 3

Headache and dizziness /
Dizziness and headache

10 9

Chest distress with abnormal
heartbeat / palpitations

4 5

Lower extremity edema 1 2

Gastrointestinal dysfunction /
discomfort

9 6

Constipation 3 1

Rash 2 0

Hypotension 2 4

Mild anemia 1 2

Elevated serum creatinine 2 1

Elevated serum potassium 1 1

Total 38 34

Figure S1. Risk of Bias Assessment
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Figure S2. Quality assessment of the included trials

Figure S3. Forest Plot of LVEF Subgroup Analysis
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Figure S4. Forest Plot of LVEF Sensitivity Analysis

Figure S5. Funnel plot analysis of publication bias for LVEF
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Figure S6. Forest Plot of NT-proBNP Subgroup Analysis

Figure S7. Forest Plot of NT-proBNP Sensitivity Analysis

Figure S8. Forest Plot of 6MWD Subgroup Analysis of Treatment
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Figure S9. Forest Plot of 6MWD Subgroup Analysis of Class

Figure S10. Forest Plot of LVEDD Subgroup Analysis

Figure S11. Forest Plot of LVEDD Sensitivity Analysis



Advances in World Medical Research, 2026, 2(3), 49-77
https://doi.org/10.71204/y50qbv78

77

Figure S12. Funnel plot analysis of publication bias for LVEDD
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Abstract

CD8+ T cells are the core effector cells in anti-tumor immunity, but under continuous tumor
antigen stimulation and inhibitory microenvironment, they gradually enter a state of dysfunction,
showing reduced effector secretion, decreased proliferation, persistent expression of inhibitory
receptors, and abnormal metabolic adaptation, which are driven by a unified transcriptional,
epigenetic, metabolic, and microenvironmental exhaustion program. T cell exhaustion is a major
reason why immune checkpoint blockade (ICB) therapy has limited effectiveness and also a key
target for combination treatment strategies. In recent years, single-cell sequencing, spatial
transcriptomics, and functional immunology studies have shown that exhausted T cells are not a
single state-they include heterogeneous subgroups such as progenitor exhausted T cells (Tpex),
intermediate exhausted T cells, and terminal exhausted T cells. Blocking PD-1/PD-L1 and CTLA-
4 can partly restore T cell function, but primary and secondary resistance are still common. This
article reviews the unified mechanisms of CD8+ T cell exhaustion and, organized around the axis
of 'mechanism–heterogeneity–ICB response–combination strategies', explores potential strategies
for immune checkpoint blockade related to CD8+ T cell exhaustion, and also discusses biomarkers
and future research directions.

Keywords: CD8+ T Cells; T Cell Exhaustion; Immune Checkpoint Blockade; Tumor
Microenvironment; Immunotherapy

1. Introduction

Tumor immunotherapy, especially with immune checkpoint inhibitors, has changed the
treatment landscape for many types of cancers (Pardoll, 2012; Topalian et al., 2015).PD-1/PD-L1
blockade, CTLA-4 blockade, and CAR-T cell therapy have shown significant clinical benefits in
melanoma, non-small cell lung cancer, Hodgkin lymphoma, and blood cancers (June et al., 2018;
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Sharma & Allison, 2015).However, only some patients are able to achieve a lasting response, and
most solid tumors still have primary or secondary resistance. Increasing evidence suggests that
CD8+ T cell exhaustion is one of the key factors limiting anti-tumor immune responses and the
effectiveness of ICB.Increasing evidence suggests that CD8+ T cell exhaustion is one of the key
factors limiting anti-tumor immune responses and the effectiveness of ICB (Chow et al., 2022;
Dolina et al., 2021; Raskov et al., 2021).

T cell exhaustion was first systematically described in chronic viral infections, and was later
found to also exist in tumors, autoimmune conditions, and chronic inflammatory environments
(Ahmed & Gray, 1996; Wherry & Kurachi, 2015).Unlike memory T cells formed after acute
infections, exhausted T cells can still recognize antigens, but their proliferation, cytokine secretion,
and cytotoxic functions are significantly impaired, and they express high levels of multiple
inhibitory receptors. This article aims to review the key mechanisms of CD8+ T cell exhaustion and,
in light of the latest advances in tumor immunotherapy, explore potential strategies to overcome
exhaustion.

2. Literature Search Strategy and Scope

A comprehensive literature search was conducted in PubMed, Web of Science, and Scopus
databases up to October 2026. The search terms included combinations of “CD8+ T cell
exhaustion,” “immune checkpoint blockade,” “tumor microenvironment,” “Tpex,” “epigenetic
regulation,” and “combination therapy.” Articles published in English were prioritized.

Regarding the IL-17 pathway, although it plays a complex and context-dependent role in tumor
immunity, it is not a canonical driver of the CD8+ T cell exhaustion program and its role in immune
checkpoint blockade resistance remains controversial. Therefore, the IL-17 pathway is not included
within the core scope of this review, so as to maintain focus on the established transcriptional,
epigenetic, metabolic, and microenvironmental exhaustion axes. Its potential involvement in tumor
microenvironment remodeling may be explored in future studies.

3. The Unified Exhaustion Program of CD8+ T Cells

T cell exhaustion refers to a state where T cells progressively lose their function due to
continuous antigen stimulation and inflammatory signals. Its typical features include reduced
production of IFN-γ, TNF-α, and IL-2, decreased expression of granzyme B and perforin, weaker
proliferation ability, and co-expression of inhibitory receptors like PD-1, TIM-3, LAG-3, and
TIGIT(Wherry & Kurachi, 2015; Wherry et al., 2007).Exhaustion isn't just simple 'functional
silence'; it's a stable state maintained by a combination of transcription, epigenetics, and metabolism.

In tumors and chronic infections, CD8 T cells can differentiate into precursor exhausted T cells
(Tpex), intermediate exhausted T cells (Giles et al., 2022; Zheng et al., 2021), and terminal
exhausted T cells. Tpex usually express TCF1, SLAMF6, and PD-1, retaining the ability to self-
renew and differentiate into effector cells, making them an important source of cells that respond
to ICB; whereas terminally exhausted T cells highly express TOX, CD39, TIM-3, and LAG-3, have
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low effector function, and are hard to reverse with just PD-1 blockade(Hashimoto et al., 2018;
McLane et al., 2019).This differentiation trajectory provides a framework for understanding ICB
responses and resistance (Figure 1).

Figure 1. Schematic of the unified CD8+ T cell exhaustion program and differentiation trajectory,
highlighting mechanisms, heterogeneity, and therapeutic interventions.

Chronic antigen stimulation and the inhibitory tumor microenvironment (driven by Tregs, TAMs,
MDSCs, hypoxia, lactate, and adenosine) induce a unified exhaustion program via transcriptional
(TOX, TCF1, NR4A, BATF), epigenetic (PDCD1, HAVCR2, LAG3 loci opening), and metabolic
(mitochondrial dysfunction, ROS accumulation) rewiring. This drives the differentiation from
memory-like cells to Tpex (TCF1+, SLAMF6+, PD-1+, TIM-3+), intermediate exhausted (PD-1+,
TIM-3+, LAG-3+, TIGIT+), and terminal exhausted cells (PD-1high, TIM-3+, LAG-3+, CD39+,
TOX+, low IFN-γ/TNF-α/IL-2). ICB (anti-PD-1/PD-L1, anti-CTLA-4) can restore Tpex
proliferation and differentiation. Combination strategies (TGF-β blockade, metabolic modulators,
vaccines, CAR-T) may partially reverse terminal exhaustion and CAR-Tmight enhance the reversal
effect.Exhaustion is not merely functional silencing, but a stable state maintained by an integrated
network of transcription, epigenetics, and metabolism, driven by the tumor
microenvironment.These epigenetic and transcriptional changes lock the exhaustion program,
which is further reinforced by metabolic and microenvironmental constraints (Abdel-Hakeem et al.,
2021; Belk et al., 2022; Yates et al., 2021).TOX is considered a key regulator of the exhaustion
program, helping to boost inhibitory receptor expression and keep the cells exhausted, while TCF1
is linked to maintaining Tpex cells and their memory potential (Khan et al., 2019).

The steady state of exhausted T cells depends on a series of transcription factors and epigenetic
remodeling. TOX is considered a key regulator of the exhaustion program, helping to boost
inhibitory receptor expression and keep the cells exhausted, while TCF1 is linked to maintaining
Tpex cells and their memory potential. In addition, transcription factors like NR4A, BATF, IRF4,
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and NFAT are involved in regulating the expression of genes related to exhaustion. On the
epigenetic side, in exhausted T cells, gene sites like PDCD1, HAVCR2, and LAG3 show an open
chromatin state, while effector gene sites like IL2 and IFNG gradually close, making it hard to
completely reverse the exhausted state through short-term stimulation.These epigenetic and
transcriptional changes lock the exhaustion program, which is further reinforced by metabolic and
microenvironmental constraints.Tregs, tumor-associated macrophages (TAMs), and myeloid-
derived suppressor cells (MDSCs) can boost suppression through IL-10, TGF-β, VEGF, arginase,
and tryptophan-metabolizing enzymes (Tauriello et al., 2022).

The tumor microenvironment suppresses T cell function through nutrient competition, hypoxia,
lactate buildup, adenosine signaling, and abnormal lipid metabolism. Exhausted T cells have
impaired mitochondrial function, an imbalance between glycolysis and oxidative phosphorylation,
and accumulation of reactive oxygen species, which further weakens their ability to proliferate and
kill. Tregs, tumor-associated macrophages (TAMs), and myeloid-derived suppressor cells (MDSCs)
can boost suppression through IL-10, TGF-β, VEGF, arginase, and tryptophan-metabolizing
enzymes. So, exhaustion isn’t just an internal program of T cells; it’s also the result of the combined
effects of the microenvironment.Therefore, exhaustion is a unified program integrating intrinsic T
cell rewiring and extrinsic microenvironmental suppression.

4. Molecules Related to Exhaustion and Immune Checkpoints

4.1. Inhibitory Receptors

PD-1 is one of the most classic markers of exhausted T cells. After binding with PD-L1/PD-L2,
it recruits SHP-2 and suppresses TCR signaling and co-stimulatory pathways (Pardoll, 2012;
Topalian et al., 2015).CTLA-4 mainly controls early T cell activation and Treg function by
competitively binding to CD80/CD86 and sending inhibitory signals.TIM-3, LAG-3, TIGIT, BTLA,
and VISTA are often co-expressed with PD-1 in exhausted T cells, working together to suppress
activity. The combination of different inhibitory receptors is closely linked to how exhausted the
cells are, treatment responses, and resistance mechanisms(Table 1) (Korman et al., 2022;
Kraehenbuehl et al., 2022).

Table 1. Main Markers and Functions of CD8+ T Cell Exhaustion

Category Marker Main
Expression/Function

Clinical & Biological
Significance

Clinical Stage

Inhibitory
Receptor

PD-1 Continuous expression;
suppresses TCR
signaling via SHP-2

Main ICB target; expression
alone does not define terminal
exhaustion

Approved (Multiple
cancers)

Inhibitory
Receptor

CTLA-4 Competes with
CD80/CD86; inhibits
co-stimulation

CTLA-4 blockade boosts T
cell activation and depletes
Tregs

Approved
(Melanoma)

Inhibitory TIM-3 Co-expressed with PD- Correlates with severe Phase III (Various)
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Receptor 1; regulates T cell
exhaustion

exhaustion; target for
combination therapy

Inhibitory
Receptor

LAG-3 Binds MHC-II;
suppresses T cell
proliferation

Relatlimab (anti-LAG-3)
combined with PD-1 blockade
shows benefit

Approved
(Melanoma)

Inhibitory
Receptor

TIGIT Binds CD155/CD112;
suppresses NK and T
cell activity

Tiragolumab combined with
PD-L1 blockade under
investigation

Phase III (NSCLC)

4.2. Soluble Factors and Cell Interactions

TGF-β is an important factor that promotes exhaustion and fibrosis, and it can suppress the
effector function of CD8+ T cells while promoting Treg differentiation. IL-10, VEGF, adenosine,
and prostaglandin E2 also play a role in immune suppression (Thommen & Schumacher, 2018;
Topalian et al., 2015).Tumor cells can escape immune attacks by upregulating PD-L1,
downregulating MHC-I, losing antigens, and activating the Wnt/β-catenin pathway. Also, TAMs
and MDSCs can suppress T cells through metabolic competition and cell contact. So, just blocking
a single checkpoint usually isn’t enough to fully restore anti-tumor immunity.The molecular
mechanisms of exhaustion directly shape the heterogeneous states of T cells in the TME, which in
turn dictate ICB responses and inform combination strategies.

5. Heterogeneity of exhausted T cells in the tumor microenvironment

Single-cell RNA sequencing studies have shown that tumor-infiltrating CD8+ T cells are highly
heterogeneous Sade-Feldman and colleagues identified T cell states linked to ICB response in
melanoma, finding that Tpex-like and effector-like cells are associated with good responses, while
terminally exhausted cells are linked to resistance (Sade-Feldman et al., 2018).Spatial
transcriptomics further shows that exhausted T cells are often found at the tumor edges or in areas
rich in suppressive cells, and their spatial distance from tumor cells, TAMs, and Tregs affects their
functional recovery.

Tpex cells are the key 'seed' population for ICB response. After PD-1 blockade, Tpex can
proliferate and differentiate into effector-like cells, but if the Tpex pool is insufficient or the
epigenetic exhaustion program is already fixed, it's hard to get a lasting response. So, treatment
strategies shouldn't just focus on 'lifting inhibition,' but also on protecting or expanding Tpex and
improving their differentiation environment.Sade-Feldman and colleagues identified T cell states
linked to ICB response in melanoma, finding that Tpex-like and effector-like cells are associated
with good responses, while terminally exhausted cells are linked to resistance (Oliveira & Wu,
2023).
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6. Immune Checkpoint Blockade and Combined Interventions

Based on the mechanisms and heterogeneity described above, current ICB and combination
strategies aim to target the exhaustion program at different levels.

6.1. PD-1/PD-L1 and CTLA-4

PD-1/PD-L1 blockade produces long-lasting responses in various tumors by restoring TCR
signaling and effector functions. CTLA-4 blockade mainly works on the activation stage of T cells
in lymph nodes and the tumor microenvironment, and it can also deplete Tregs. Combining PD-1
and CTLA-4 blockade shows a synergistic effect in melanoma, but it comes with increased toxicity.
Clinical responses are linked to tumor mutation burden, PD-L1 expression, TIL infiltration, MSI-
H status, and Tpex abundance (Litchfield et al., 2021).

6.2. Combination Strategy

To overcome exhaustion and drug resistance, combination therapy has become the main
approach. Chemotherapy and radiotherapy can trigger immunogenic cell death and increase antigen
release; anti-angiogenic treatments can improve T cell infiltration and reduce MDSCs; blocking
TGF-β, inhibiting the adenosine pathway, and metabolic regulation can improve the
microenvironment. LAG-3 blockade combined with PD-1 blockade has shown benefits in
melanoma, and targets like TIGIT and TIM-3 are under clinical investigation (Tawbi et al., 2022).
In addition, tumor vaccines, adoptive T cell therapy, and CAR-T cell therapy can supplement or
reshape the T cell pool (Gumber & Wang, 2022; Lin et al., 2022; Weber et al., 2021). In addition,
neoadjuvant or radical PD-1 blockade has further shown clinical benefits in long-term follow-ups
for resectable NSCLC, locally advanced MMR-deficient rectal cancer, and PD-L1 high-expressing
NSCLC (Cercek et al., 2022; Forde et al., 2022; Reck et al., 2021).

Table 2. Representative Immune Checkpoint Targets and Combination Strategies

Target Representative
Drugs/Strategies

Main Mechanism Combined Direction Clinical Stage

PD-1 Pembrolizumab,
Nivolumab

Blocking PD-1/PD-L1 to
restore T cell function

Chemotherapy,
radiotherapy, CTLA-4,
LAG-3

Approved

PD-L1 Atezolizumab,
Durvalumab

Blocking PD-L1 binding to
PD-1/CD80

Anti-angiogenesis,
chemotherapy

Approved

CTLA-4 Ipilimumab Boost T cell activation,
deplete Tregs

PD-1 blockade Approved

LAG-3 Relatlimab Relieve LAG-3 mediated
inhibition

PD-1 blockade Approved
(Melanoma)

TIGIT Tiragolumab Blocking TIGIT/CD155 PD-L1 blockade Phase III
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7. Biomarkers and Predicting Treatment Response

Currently, the commonly used clinical predictors include PD-L1 expression, tumor mutation
burden, MSI-H/dMMR, TIL density, and dynamic changes in ctDNA. However, all of these
markers have their limitations. Single-cell and spatial omics suggest that things like Tpex
abundance, T cell states, co-expression patterns of inhibitory receptors, and the spatial structure of
the microenvironment might be better at predicting ICB responses.Gut microbiota, host genetic
background, and immune-related side effects might also affect treatment efficacy. For patient
selection, integrating Tpex abundance, spatial immune profiles, and circulating tumor DNA
(ctDNA) dynamics is crucial to identify those most likely to benefit from ICB. Biomarker-guided
combination therapy, such as using LAG-3 or TIGIT expression to guide dual blockade, represents
a promising avenue for personalized immunotherapy. In the future, we'll need multidimensional
integrated models to achieve personalized immunotherapy.

8. Challenges and Outlook

Even though ICB has had major success, T cell exhaustion, antigen loss, MHC downregulation,
immunosuppressive microenvironments, and irAEs are still the main challenges. The toxicity of
combination therapies, particularly the increased risk of severe irAEs with dual checkpoint
blockade (e.g: PD-1 plus CTLA-4 or LAG-3), necessitates careful patient stratification and toxicity
management. Future research should focus on: understanding the plasticity and epigenetic
reversibility of exhausted T cells; developing combination strategies targeting the expansion and
differentiation of Tpex; using spatial multi-omics and AI to predict responses and identify new
targets; optimizing the therapeutic window to balance efficacy and toxicity in biomarker-guided
combination regimens; and optimizing the persistence and safety of CAR-T in solid tumors. By
deeply integrating basic immunology with clinical translational research, it's possible to turn
'exhaustion' from a treatment hurdle into a target that can be intervened.
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